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SECTION  I 


INTRODUCTION 

The  hazard  associated  with  a pilot's  conception  of  wake  turbulence 
behind  an  aircraft  is  due  to  the  persistence  of  a strong  trailing  vortex 
system.  Another  aircraft  flying  into  this  vortex  system  can  experience 
large  perturbations  in  flight  path  leading  to  possible  loss  of  control 
(see  Figure  1).  The  hazards  associated  with  flying  into  this  wake  gen- 
erated behind  another  aircraft  have  been  documented  (see  References  1 
through  5).  The  severity  of  this  hazard  is  best  indicated  by  describing 
the  following  encounters  reported  in  Reference  2.  A Beechcraft  Bonanza 
initiated  ground  run  shortly  after  a Douglas  DC-7  had  lifted  off  at 
Atlanta's  Municipal  Airport  in  November  1961.  The  Beechcraft  became 
airborne  at  approximately  the  DC-7  lift-off  point  on  the  runway.  The 
Beechcraft  presumably  encountering  this  vortical  wake  performed  violent 
longitudinal  motions,  rolled,  and  then  crashed.  Also,  a Twin  Otter 
crashed  on  takeoff  at  Kennedy  International  Airport  in  June  1969.  This 
aircraft  flew  into  the  wake  of  a Boeing  707-30  that  had  taken  off  on  an 
intersecting  runway.  Just  after  the  intersection  point,  the  Otter  rolled 
left  and  crashed. 

The  persistence  of  the  wake  vortex  system  far  behind  the  generating 
aircraft  is  illustrated  in  Reference  2.  McCormick  indicates  that  vor- 
tices behind  a jumbo  jet  are  still  very  strong  14  nautical  miles  behind 
the  vehicle.  At  9.5  nautical  miles,  McCormick  suggests  that  an  F-104 
can  be  inverted  in  less  than  one  second  when  encountering  this  wake. 

In  addition,  a "Convair  990  can  experience  25  degrees  of  bank  and  full 
sideslip  ball  deflection  when  encountering  the  wake  of  a jumbo  jet  at 
some  5 nautical  miles  behind  the  generating  aircraft." 

The  slipstream  of  a propeller,  "prop  wash",  and  the  efflux  from  a 
jet  engine,  "jet  wash",  serve  to  alter  the  structure  of  the  trailing 
vortex  system  discussed  above.  For  example,  vortices  trailed  and  shed 
from  the  propeller  blades  interfere  with  the  wing  trailed  vortices. 

In  addition,  the  slipstream  of  a propeller  or  the  efflux  from  the  jet 
engine  may  be  entrained  partially  into  the  wing  vortex  cores.  The 
axial  flow  in  these  vortices  may  be  sufficiently  affected  by  this 
entrainment  that  the  vortex  system  behind  an  aircraft  with  outboard 
engines  may  be  signi ficantly  different  from  that  behind  a vehicle  with 
engines  nested  close  to  the  fuselage.  Despite  these  alterations,  the 
prime  contributor  to  the  potential  hazard  associated  with  the  far  wake 
behind  the  generating  aircraft  is  still  the  wing  vortex  system. 

The  problems  encountered  by  the  pilot  because  of  this  wake  are 
best  illustrated  by  examining  three  ways  of  flight  into  or  through  the 
trailing  vortex  system  generated  by  another  aircraft.  These  ways  are 
indicated  in  Figure  1. 
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The  first  entry  is  along  the  axis  of  a vortex.  The  rotational  flow 
of  fluid  within  the  vortex  core  and  the  upwash  and  downwash  flow  field 
just  outside  the  core  induce  the  vehicle  to  roll.  The  pilot  may  be 
caught  unaware,  or  sufficient  capability  may  not  be  available  to  counter 
the  rolling  so  that  the  aircraft  will  roll  and  fall  out  of  the  vortex 
core.  If  this  encounter  occurs  during  takeoff  or  climbout,  sufficient 
altitude  may  not  be  available  for  recovery;  such  an  encounter  may  have 
occurred  in  the  Beechcraft  crash  discussed  above.  This  form  of  pene- 
tration could  occur  during  an  approach  to  mid-air  refueling,  where  suf- 
ficient altitude  is  available  for  recovery.  Here,  the  danger  lies  in  a 
collision  with  another  aircraft  when  flying  in  formation.  The  second 
form  of  encounter,  or  way  (2),  results  in  a sudden  loss  in  lift  upon 
entering  the  more-or-less  symmetric  downwash  field  between  the  vortex 
cores  of  the  aircraft  ahead.  The  affected  aircraft  experiences  a 
decrease  in  climb  rate  following  takeoff  or  an  increased  descent  rate 
during  landing,  and  the  pilot  may  not  be  able  to  maintain  a safe  flight 
path.  The  third  way  of  penetrating  the  wake  is  across  the  vortices 
(see  Fig.  1).  The  aircraft  is  subjected  to  reversals  in  normal  accel- 
eration due  to  induced  changes  in  angle  of  attack;  this  may  lead  to 
loss  of  control  if  the  pilot  aggravates  the  vehicle  motion  as  a conse- 
quence of  the  encounter.  Finally,  all  of  the  above  responses  may  be 
combined  in  the  terminal  area  where  aircraft  are  following  a variety 
of  traffic  patterns  and  the  encountering  aircraft  penetrates  the  vor- 
tical wake  system  at  some  oblique  angle. 

1.  The  David  and  Goliath  Syndrome 

Because  of  this  problem,  there  is  emphasis  within  the  Air  Force  that 
the  appropriate  separation  be  maintained  behind  large  jets  such  as  the 
KC-135,  C-141,  and  C-5  during  terminal  operations.  The  FAA  and  NASA 
(Vortical)  Wake  (Turbulence)  Programs  have  been  concentrating  upon  oper- 
ations where  a heavy  jet  may  takeoff  ahead  of  small  and  lighter  aircraft. 
All  of  this  has  resulted  in  a David  and  Goliath  syndrome,  fostered  fur- 
ther by  the  FAA  and  USAF-produced  educational  films  and  pamphlets  which 
show  that  heavy  jet  aircraft  (Goliath)  can  generate  a dangerous  vortical 
wake  that  can  flip  a light  aircraft  like  the  Cherokee  (David).  As  a 
result,  many  pilots  are  not  fully  aware  that  "David  can  slay  David". 

For  example,  the  vortical  wake  behind  a fighter  is  a potential  hazard  to 
another  fighter  where  both  aircraft  are  of  the  same  weight. 

More  specifically,  air  combat  experience  has  shown  certain  tran- 
sonic flight  conditions  where  an  F-104  may  inadvertently  exceed  its  design 
load  limits.  Several  cases  have  been  reported  where  structural  deforma- 
tions or  failures  have  occurred  while  pilots  were  performing  high-g  man- 
euvers. The  flight  conditions  for  these  failures  were  strikingly  similar. 
At  least  two  cases  have  been  documented  where  an  F-104  experiences  exces- 
sive g-loadings  while  chasing  another  F-104;  the  flight  Mach  numbers  varied 
from  1.1  to  1.2  at  altitudes  from  13,000  to  15,000  feet.  The  conditions 
under  which  these  failures  have  occurred  tend  to  suggest  that  the  exces- 
sive loading  is  caused  by  flying  through  the  trai  1 irig- vortex  wake  of  the 
lead  airplane.  This  has  been  verified  by  a pilot's  report  in  at  least 
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one  case.  On  18  October  1968,  a Royal  Danish  Air  Force  F-104  was  flying 
a mock  aerial  combat  mission  in  pursuit  of  another  F-104.  The  pilot  of 
the  pursuing  airplane  reported  that  he  could  feel  an  increase  in  g- 
loading  as  he  traversed  the  wake  of  the  lead  airplane;  this  increase  in 
loading  caused  wrinkles  at  the  wing  root  and  several  other  locations  on 
the  airplane.  On  March  25,  1971,  the  chase  airplane  in  a formation  of 
two  RCAF  F-104' s suffered  structural  failure  in  circumstances  that  sug- 
gest the  possibility  of  a wake  encounter.  The  important  point  here  is 
that  a 20,000  pound  fighter  pulling  6 g's  trails  a vortical  wake  equiva- 
lent to  that  of  another  aircraft  that  weighs  six  times  20,000  pounds  - a 
wake  as  strong  as  that  behind  a 120,000-pound  C-130. 

A similar  incident  occurred  in  USAF  operations  in  early  1975.  While 
on  mission,  one  F-104  flew  through  the  vortical  wake  immediately  behind 
another  F-104.  Upon  encountering  the  hazard,  the  affected  aircraft 
rolled  left  and  pitched  down  in  a 90  degree  dive.  The  pilot  heard  a 
loud  bang  when  he  initiated  a recovery  which  was  completed  at  an  altitude 
of  200  feet.  Upon  landing  it  was  found  that  the  leading-edge  flaps  had 
separated  from  the  aircraft,  and  that  both  trai 1 ing-edge  flap  actuators 
were  damaged  beyond  repair.  In  addition,  the  main  wing  structure  and 
ventral  fin  had  been  significantly  damaged. 

It  is  true  that  this  damage  was  sustained  during  the  power  dive  and 
recovery.  It  is  also  possible  that  the  power  dive  would  not  have  occurred 
if  the  F-104  had  not  passed  through  the  vorticity  field  behind  the  other 
F-104.  Clearly,  the  David  and  Goliath  syndrome  must  be  dispelled  as  soon 
as  possible;  especially  during  pull  up  maneuvers  when  a fighter  can  trail 
a wake  as  strong  as  that  behind  large  transports. 

2.  Similarity  of  Wake  Structure  Behind  Helicopters 

In  the  1962-1965  time  span,  the  Seventh  Air  Force  Headquarters  report- 
ed a number  of  mishaps  involving  flight  of  aircraft  behind  helicopters. 

Of  interest  was  the  fact  that  the  wake  or  rotor  wash  behind  the  helicopter 
may  have  caused  these  accidents  (see  Reference  6).  Of  interest  here  is 
the  fact  that  the  wake  behind  the  helicopter  in  forward  flight  bears  a 
strong  resemblance  to  the  vortical  wake  trailed  behind  a conventional  air- 
craft. Therefore,  other  aircraft  flying  into  this  wake  are  subjected  to 
a large  roll  moment  if  flight  occurs  up  the  vortex  as  shown  in  Figure  2. 

As  before,  the  following  aircraft  is  subjected  to  a downwash  field  if 
flight  occurs  between  the  vorticies,  and  the  aircraft  is  subjected  to 
reversals  in  normal  load  if  flight  occurs  across  the  trailed  vortices. 

Now,  vortices  are  trailed  from  the  rotor  blades  in  the  conventional 
manner  to  form  the  vortex  sheath  shown  in  Figure  2.  Except  for  hover 
and  transition  from  hover  to  forward  flight,  this  vortex  sheath  distorts 
and  forms  two  vortex  cores  approximately  1.5  rotor  diameters  below  and 
back  of  the  rotor  disk.  It  is  these  vortices  which  are  formed  from  the 
distorted  sheath  that  probably  caused  most  of  these  mishaps^.  Of  specific 
interest  here  is  that  the  same  analyses  developed  for  investigating  wake 
accidents  attributed  to  aircraft,  including  the  establishment  of  safe 
terminal  area  operations,  can  be  applied  to  operations  involving  helicopters. 
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An  example  of  such  operations  is  at  Nellis  AFB,  where  a mix  of  A- 1 0 air- 
craft and  HH-53  helicopters  operate  in  close  proximity  from  the  same  field. 

Again,  the  emphasis  upon  appropriate  separations  between  “heavy"  air- 
craft and  light  aircraft  can  lead  to  the  David  and  Goliath  Syndrome.  At 
38,000  pounds,  the  HH-53  helicopter  is  not  a "heavy"  configuration  accord- 
ing to  the  separation  criteria  as  specified  by  the  FAA.  Yet  at  the  lower 
speed  as  we  shall  see,  more  vorticity  is  needed  to  generate  a given  amount 
of  lift.  Also,  a rotor  seems  to  generate  more  vorticity  than  a wing  for 
the  same  lift  because  a helicopter  performs  a landing  at  speeds  signifi- 
cantly below  that  of  an  aircraft.  The  vortical  wake  strength  trailed 
behind  a HH-53  flying  at  60  knots  is  similar  to  to  that  trailed  behind  a 
KC-135  or  Boeing  707  in  landing  approach.  Obviously,  an  effort  is  neces- 
sary to  insure  that  all  USAF  pilots  involved  in  mixed  aircraft-helicopter 
operations  are  well  aware  of  the  hazards  associated  with  helicopter  wake 
turbulence. 

3.  Purpose  of  this  Effort 

From  1972  through  1976,  the  Flight  Control  Division  (FGC)  of  the 
Flight  Dynamics  Laboratory  (AFFDL)  at  Wri ght-Patterson  AFB  was  involved 
in  an  effort  to  significantly  reduce  wake  associated  accidents  in  USAF 
operations  (see  Reference  7).  This  program  included:  (1)  a hard  look 
at  existing  technology  for  developing  engineering  diagnostic  tools8; 

(2)  definition^ 0f  separation  distances  between  aircraft,  and  of 
altitude  definition  for  both  take-offs  and  approach  from  which  safe 
recovery  can  be  made  if  an  encounter  occurs;  and  (3)  educational  summaries 
including  training  films  to  familiarize  the  pilots  with  the  hazard  (see 
for  example  Military  Air  Command  (MAC)  movie  film  S-99  titled  "Vortical 
Wake  Upset").  Since  then  the  author  has  occasionally  advised  the  Safety 
Office  at  Norton  AFB  on  wake  turbulence  or  more  appropriately  - vortical 
wake-related  accidents. 

As  a result  of  this  experience,  this  technical  report  summarizes 
simplified  analyses  which  can  be  used  as  diagnostics  for  Air  Force  oper- 
ational problems^  impacted  by  vortical  wakes.  The  report  has  been  expand- 
ed to  include  mixed  operations  involving  helicopters  such  as  the  HH-53. 
Additionally,  the  report  presents  a simplified  mathematical  model  devel- 
oped for  equipping  appropriate  USAF  trainers  and  simulators  with  the  capa- 
bility of  simulating  wake  encounters.  It  is  felt  that  this  move  is  imper- 
ative because  many  pilots  are  not  fully  aware  of  the  dangers  involved  when 
encountering  these  vortices;  this  is  especially  so  if  the  generating  air- 
craft is  not  a heavy  transport,  defined  by  the  FAA  as  being  an  aircraft 
weighing  approximately  300,000  pounds. 

Section  II  of  this  report  presents  analyses  that  can  be  used  to  esti- 
mate the  location  of  the  vortical  wake  field  behind  generating  airplanes 
and  helicopters.  The  impact  of  vortex  decay  and  atmospheric  disturbances 
upon  the  vortical  wake  is  presented.  Section  III  of  this  report  presents 
the  simplified  mathematics  for  equipping  appropriate  USAF  trainers  and 
simulators  with  the  capability  of  simulating  these  encounters.  Representa- 
tive cases  are  analysed  and  discussed  in  Section  4.  A synopsis  of  these 
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analyses  for  "quick- turn-around"  Investigations  by  Accident  Boards 
involved  in  vortical -wake  incidents  and  accidents  is  given  in  Section 
5;  concluding  remarks  and  recommendations  are  given  in  Section  6. 


SECTION  II 


VORTICAL  WAKE  TRACKING  BEHIND  AIRPLANES  AND  HELICOPTERS 

The  development  of  an  all-inclusive  model  for  the  vortical  wake 
structure  and  its  descent  behind  an  airplane  can  lead  to  a complicated 
formulation  for  vortex- induced  and  atmospheric  effects.  It  was  felt 
that  such  a model  was  not  amenable  to  rapid  hand  computations;  a simple 
representation  is  used  here.  The  results  have  provided  fair  agreement 
with  test  data. 


1.  Airplane  Vortical  Wake  Location 


In  aerodynamic  theory,  circulation  strength  r0  is  the  basis  for 
lift.  The  spanwise  circulation  distribution  on  the  wing  influences 
all  properties  of  the  vorticity  field.  It  is  assumed  that  only  one 
pair  of  vortices  persist  several  wingspans  behind  an  aircraft^; 
the  pair  move  in  their  induced  field  causing  the  vortices  to  convect 
with  a velocity  proportional  to  the  airplane  weight  and  inversely 
proportional  to  air  density,  winq  span,  and  forward  speed.  Using 
the  elliptic  lift  approximation^ 3}  the  circulation  strength  of  each 
trailed  vortex  is: 


where  p is  air  density,  Vp  is  airspeed,  b is  wingspan,  and  L is  lift, 
or  nW  where  n is  normal  load  factor  ( g 1 s ) and  W is  the  airplane  weight. 
Additionally,  the  airplane  is  in  the  "clean"  configuration  with  landing 
gear  up  and  flaps  retracted.  Equation  (la)  is  modified  to  become: 


r = 4 L X C,  1 9.58 
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for  landing  approach  or  when  the  landing  gear  and  flaps  are  fully 
extended.  This  modification  is  based  on  FAA  wake  measurements  made  of 
approximately  50,000  landing  approaches  and  is  discussed  further  in 
Section  2.3  in  relation  to  the  data  presented  in  Figures  8 and  9. 


The  distance  separating  these  vortices  is  given  by: 


Based  upon  the  Biot-Savart  Law 


(2) 


the  descent  velocity  of  the  pair  is: 


V 


d 


(3) 


The  sideways  drift  of  these  vortices  is  just  equal  to  the  crosswind 
velocity  V$  across  a runway;  reference  is  made  to  Figure  3. 


8 


iMfiay r.i  * ^jftf f Ti  i flBflltffiiitgMfttM  t 


ritff  f % I ffifcW  it  ufT—  I 


Integration  of  these  velocities  relative  to  the  coordinate  system 
given  in  figures  1 and  3 yields,  for  height  and  lateral  location  of  the 
right  and  left  vortices: 


Hy  = H - rot/(2Tfb') 
Yl  = -b  72  + Vst 

V bV2+Vst 

Xy  = (VF  + Vw)t 


(4) 


where  Hy  is  the  height  of  the  left  and  right  trailed  vortices  above  the 
ground,  YR  and  Yj_  are  their  lateral  distance  from  the  airplane  center- 
line;  and  Vs  is  the  sidewind,  the  crosswind  component  normal  to  the  path, 
and  Vw  the  tailwind  component. 


Equations  (4)  provide  the  "out-of-ground-effect"  location  of  the 
vortices  during  landing  approach  which  are  trailed  from  the  wing  tips 
following  t ~ 0.  These  vortices  slow  down  in  their  approach  towards 
ground  until  they  level-off  at  an  altitude  of  b'/2.  Now,  potential 
flow  theory  involving  the  use  of  "mirror  imaging"  can  be  used  to  formu- 
late the  slowing-down  and  spreading-apart  process  as  the  vortices  are 
affected  by  ground.  An  engineering  approximation  that  can  be  used  for 
evaluating  military  operations  is: 


Hy  = b'/2 

yL  15  VGl  + (Vs  - r0/2irb')(t  - tG) 

V ygr  + <vs  + ro/2*b'){t  ' V (5) 

Xy  ^ (VF  + Vw)t 

in  ground  effect;  the  quantities  YG^  and  YGr  are  shown  in  Figure  3.  The 

quantity  tG  is  the  time  needed  for  the  trailed  vortices  to  reach  the  al- 
titude b'/2  above  ground  according  to  Eouation  (2). 

This  type  of  analysis  was  used  by  FAA  personnel  during  the  initial 
phases  of  the  program  reported  in  Reference  12.  In  the  absence  of  large 
wind  shears  and  gusts,  good  correlation  with  flight  test12  was  obtained 
(Figure  4).  These  results  were  obtained  from  a series  of  flight  tests 
conducted  at  the  National  Aviation  Facilities  Experimental  Center  (NAFEC) 
at  Atlantic  City,  New  Jersey.  The  motion  of  the  vortices  was  made  vis- 
ible by  means  of  smoke,  and  the  attendant  meteorological  conditions  were 
recorded.  The  test  series  made  use  of  commercial  B-747,  B-707,  and  DC-6 
aircraft;  USAF  airplanes  were  not  used  during  any  of  the  program  reported 
in  Reference  12.  As  is  evident,  the  vortices  convect  parallel  to  the 
ground  at  an  altitude  of  approximately  b'/2. 


Wind  shear  can  have  an  effect  upon  the  locations  of  the  trailed 
vortices.  The  concept  of  wind  shear  is  included  here  to  explain  trends 


10 


o 


f 

I 


t 

2. 


c 

tO 


01 

ra 

7* 


O 

<C 


<D 

CL 

X 

UJ 


known  to  exist  from  qualitative  experiment.  The  downwind  vortex  often 
rises  while  the  upwind  vortex  sinks  below  the  predicted  altitude;  the 
line  through  the  two  vortices  can  rotate, as  X increases, to  an  anqle  that 
is  large  relative  to  the  surface  of  the  earth.  This  effect  has  not  been 
predicted  by  any  analysis.  For  the  purpose  of  this  effort,  the  rela- 
tive displacement  is  assumed  to  be  within  the  error  band  discussed  below; 
research  is  necessary  in  this  area  to  understand  this  phenomenon  more 
fully. 

Under  atmospheric  vagaries,  there  are  indications  that  buoyancy  of 
the  air  may  have  a significant  effect  on  the  transport  of  the  vortices. 
This  force  is  a result  of  differences  in  air  density  created  by  the 
descent  of  the  vortex  pair  through  a relati vely-unknown  atmospheric 
medium.  The  density  of  air  within  the  vortex  may  be  different  from  that 
of  the  atmosphere  because  of  engine  exhaust  entrainment  or  increases  in 
atmospheric  density  as  the  vortices  descend.  This  density  difference 
produces  a buoyant  force  that  can  significantly  affect  the  vertical  momen- 
tum of  the  vortex  pair. 

Tombach1^,  Scorer  and  Davenport^  have  theoretically  investigated  the 
effect  of  buoyancy  upon  the  transport  of  vortices.  The  results  indicate 
that  the  neglect  of  the  buoyancy  effect  (i.e.,  no  engine  exhaust  entrain- 
ment) may  cause  errors  in  predicted  vortex  location  of  up  to  1 bZ  during 
the  first  minute  of  vorticity  life.  It  seems  that  the  effects  of  buoyancy 
could  be  ignored  in  predicting  the  track  of  the  vortices;  but  the  error 
analysis  given  below  defines  the  region  of  uncertainty  in  vortex  location. 
Again,  research  is  needed  in  this  area  to  understand  this  phenomenon  more 
fully. 

12 

Brashears  ' suggests  that  velocity  fluctuations  and  other  atmospheric 
vagaries  during  the  time  of  vortex  transport  can  lead  to  a deviation  in 
transport  velocity  of  25%.  When  this  error  was  applied  to  all  of  the  data 
gathered  during  the  FAA  program^,  Brashears  found  that  the  differences 
between  predicted  and  observed  data  lay  within  the  25%  error  band. 

That  is: 


AVd  = + Vd/4  (6) 

AVS  - ± Vs/4 

with  Vd  and  Vs  calculated  from  Equations  (3)  and  (4). 

Integration  of  Equation  (6)  with  respect  to  time  gives: 

AHV  = ± Vd  • t/4  (7) 

AY  = + V$  • t/4 

where  aHv  is  the  possible  error  in  predicted  altitude  and  aY  is  the  pos- 
sible error  in  predicted  lateral  displacement  of  the  trailed  vortices. 
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A temperature  inversion  layer  influences  the  motion  of  vortical  wakes. 
It  has  been  only  observed  that  the  effect  of  the  layer  is  similar  in 
nature  to  the  effect  of  the  ground;  that  is,  the  vortices  sense  the  tem- 
perature inversion  layer  and  start  spreading  apart  as  if  the  inversion 
layer  altitude  were  the  ground^.  No  theory  exists  that  can  predict  this 
vortical  behavior;  further  research  is  required.  For  engineering  purposes, 
it  may  be  assumed  that  the  inversion  layer  acts  approximately  as  ground 
effect.  Equations  (4)  and  (5)  are  then  modified  to  become,with  H the 
height  of  the  inversion  layer  above  ground  level: 

Hv  = H - Hinv  - rot/2TTb'  (8) 

Yl  = -b’/2  + V$t 

YR  b‘/2+V 

for  vortical  location  out  of  the  effect  of  the  temperature  inversion 
layer  and,  with  Y^y^  and  Y j ^ the  equivalents  of  Ygl  and  Ygr  (Eq.  5) 

for  the  inversion  layer: 


Hy  Hinv+  b'/2 


INV. 


+ <VC  - *£r)( t - t,) 


F0 
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in  the  vicinity  of  the  temperature  inversion  layer. 


2.  Airplane  Vortical  Wake  Decay 

There  are  many  analyses  that  have  reflected  the  viscous  or  turbulent 
decay  of  vortices  in  quiescent  air;  these  are  described  in  Reference  8. 
Many  of  the  analyses  are  complex,  requiring  the  use  of  a digital  computer 
for  a solution;  such  analyses  are  beyond  the  scope  of  this  effort.  An 
analysis  amenable  to  hand  computation,  that  has  provided  reasonable  corre- 
lation with  experiment,  was  developed  by  the  author0.  This  analysis  is 
summarized  here. 


It  is  assumed  in  the  analysis  that  each  vortex  trailing  from  the 
vicinity  of  the  wing  tips  is  axisymmetric.  This  assumption  is  not  valid 
in  the  near  wake  behind  the  wing,  where  the  vorticity  sheet  is  in  the 
process  of  rollup.  The  assumption  is  reasonable,  however,  at  distances 
of  approximately  4 wing  spans  behind  the  airplane  where  the  rollup  is 
complete;  in  addition,  it  is  consistent  with  the  assumptions  made  in 
formulating  Equations  (1)  through  (9). 


Details  of  the  author's  analysis  can  be  found  in  Reference  8.  The 
results  relevant  to  this  effort  are  as  follows.  The  swirl  velocity 
induced  by  the  vortex  is  given  by: 


\ - 
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where  r is  the  radial  distance  from  a vortex  center  and  rc  is  the  vortex 
core  radius  where  the  swirl  velocity  is  a maximum;  rc  is  given  by: 

r = 36.2  / \>X  i ’**  (11) 

c \J  Vp  cos^x" 

where  X = VFt ,v>i s the  air  vi scosi ty,  and  x is  the  sweep  back  angle  of  the 
wing  quarter-chord.  The  variation  of  Ve  with  r is  shown  in  Figure  5. 

The  quantity  rc  was  determined  in  Reference  8 by  correlating  with  exper- 
imental measurements  made  behind  full-scale  CV990*  CV880,  and  the  British 
Handley-Page  aircraft  (HP! 15). 


The  results  shown  in  Figure  5 are  of  interest  in  the  sense  that  the 
wi sceus  effects  associated  with  vortical  flows  need  to  be  considered 
only  in  the  immediate  vicinity  of  a vortex;  that  is,  when  the  quantity 
r/rc  is  less  than  or  equal  to  r$  = 2.0.  The  more  familiar  Biot-Savart 

T 

solution'^or  VQ  - VQ/2r\r  can  be  applied  wherever  r/rc  >_  2.0.  Equation 
(10)  is  not  needed  in  forming  Equation  (3).  Here,  the  vortices  are 
separated  by  at  least  quantity  b' , which  generally  exceeds  2rc. 

3.  Aircraft  Wake  Breakup  by  Atmospheric  Means 

The  wing  tip  vortices  from  an  aircraft  are  generated  into  an  envi- 
ronment that  is  rarely  quiescent.  Thermals,  temperature  inversions,  and 
winds  which  include  updrafts  and  downdrafts  cause  decay  and  eventual 
transition  into  a form  of  clear-air  turbulence.  In  many  instances  the 
atmosphere  has  caused  the  wing  tip  vortices  to  burst.  Bursting  produces 
some  combination  of  a marked  increase  in  the  size  of  the  vortex  core,  an 
increase  in  turbulence  level,  and  an  instability  and  significant  restruc- 
turing of  the  wake  vorticity  behind  an  aircraft '7.  By  hastening  the 
interplay  between  the  vortical  wake  and  the  atmosphere,  bursting  may  sig- 
nificantly reduce  the  wake  hazard  during  the  landing  approach.  Discussion 
of  this  interplay  will  help  establish  which  atmospheric  conditions  cause 
vortices  to  persist  and  which  do  not.  This  would  help  determine  when 
separation  distance  during  landing  approach  should  be  based  upon  the  wake 
hazard. 
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In  many  instances  , atmospheric  conditions  have  caused  the  two  tip- 
trailed  vortices  to  oscillate  behind  the  aircraft  (see  Figure  6);  the 
altitude  of  the  B-47  in  this  Figure  is  not  known.  The  sinusoidal  inter- 
action between  the  trailed  vortices  increases  with  time  until  the  vortices 
touch.  Upon  contact,  vortex  rings  are  formed  which  diffuse  with  time  and 
the  influence  of  the  wind  until  the  wake  reduces  to  a form  of  clear-air 
turbulence.  For  an  aircraft  in  ground  effect,  the  trailing  vortices  can 
interact  with  the  earth  to  break  apart  and  form  a series  of  semi-circles 
with  ends  perpendicular  to  the  ground.  Crowds  developed  a theory  that 
applied  to  this  phenomenon.  It  is  seen  in  Figure  6 that  sufficient 
breakup  of  the  vortices  has  occurred  approximately  90  seconds  behind  the 
B-47,  so  that  the  vorticity  field  may  not  be  a severe  hazard  to  a aircraft 
following  FAA  separation'  of  3 nautical  miles. 
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Tombach  , in  a field  investigation  on  the  motion  and  decay  of 
trailing  vortices  generated  by  a Cessna  170  high-wing  aircraft,  obtained 
some  interesting  results.  The  site  selected  was  near  El  Mirage  Dry  Lake 
in  California,  so  that  the  vortices  could  be  photographed  from  below  and 
also  from  the  side,  up  level  with  the  flight  path  of  the  aircraft.  The 
vortices  were  made  visible  by  means  of  colored  smoke  generated  by  grenades 
mounted  at  the  wing  tips.  Atmospheric  interplay  with  the  vortices  caused 
the  sinusoidal  instability  described  above;  the  vortices  were  observed  to 
burst  in  approximately  18  seconds  following  their  generation.  Similar 
interplays  could  occur  with  the  vortices  behind  USAF  aircraft  during  land- 
ing approach.  Another  interesting  form  of  observed  instability  is  shown 
in  Figure  7.  During  this  flight,  the  vortices  linked  together  and  burst 
at  their  juncture  point.  Within  a short  time  no  smoke  residue  was  left 
outside  the  vortex  cores  at  the  point  of  contact.  Of  interest  in  the 
above  is  that  the  observations  in  vortical-wake  interplay  could  not  be 
repeated  from  day  to  day  even  though  the  atmospheric  conditions  seemed  to 
be  the  same  for  each  flight.  Research  is  needed  to  further  our  under- 
standing of  these  fluid-interaction  phenomena. 

During  this  test  program,  Tombach  found  that  the  interpretation  of 
results  from  photographs  was  made  difficult  because  the  vortex  wake  had 
a tendency  to  roll  on  its  side.  In  some  instances  Tombach  observed  that 
in  about  80  seconds  after  generation,  the  pair  of  vortices  appeared 
to  be  perpendicular  to  the  ground.  The  symmetrically  loaded  aircraft 
performed  this  series  of  flights  at  about  450  feet  above  the  earth.  As 
a result,  Tombach  suggested  that  the  wake  may  have  been  affected  by  the 
atmospheric  boundary  layer  in  the  El  Mirage  Dry  Lake  area  of  California. 
During  one  flight,  one  of  the  wing  tip  vortices  was  abated  by  a bursting 
instability  at  an  age  of  65  seconds.  The  other  vortex  subsequently 
became  fixed  in  space  and  persisted  with  no  apparent  decay  for  over  two 
minutes.  MacCreadyl9  indicated  a similar  < i'.uation  where  one  Boeing  747 
vortex  remained  unchanged  near  the  ground  for  just  over  three  minutes. 

The  possibility  of  the  existence  of  such  a long-term  vortex  has  serious 
ramifications  on  the  vortical  wake  hazard  in  the  terminal  area. 

The  bursting  observed  by  Tombach^  "is  described  as  a sudden  increase 
in  core  diameter  and  the  formation  of  ring  vortices  near  the  point  of 
burst.  Furthermore,  Tombach  observed  that  this  "core  bursting  is  inde- 
pendent of  the  sinuous  instability,  since  bursting  was  observed  at  all 
points  along  the  vortex  and  it  did  not  seem  to  have  any  relation  to  the 
curvature  of  the  vortex  filaments  or  to  their  local  separation."  In 
addition,  "the  core  bursting  instability  was  observed  at  all  levels  of 
turbulence  and  atmospheric  stability." 

The  FAA  has  had  a program  for  safely  increasing  the  air  traffic  rate 
into  airports.  A part  of  this  program  is  a wake  investigation  that  was 
conducted  at  the  National  Aviation  Facilities  Experimental  Center  (NAFEC) 
in  New  Jersey.  The  facility  has  a 140-foov  tower  to  the  side  of  a runway; 
the  tower  is  equipped  with  colored  smoke  grenades  which  are  actuated  prior 
to  an  aircraft  fly-by  so  that  the  vortices  are  made  visible.  Hot  film 
anemometers,  capable  of  measuring  vortical  flow  characteristics,  are 
located  at  four- foot  intervals  up  the  tuwer  tn  probe  the  vortices  after 
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the  test  aircraft  had  flown  past  the  tower;  results  are  reported  in  Ref- 
erences 20  through  22.  The  hot  film  anemometers  on  the  towers  could  not 
detect  the  presence  of  wel 1 -organized  vortices  behind  the  DC-7,  and  3oeings 
707  and  727  when  the  aircraft  had  flown  past  the  towers  within  about  2 
minutes  when  the  vortices  may  have  drifted  past  the  tower. 

A flight  test  investigation  of  the  vortex  characteristics  behind  a 
Boeing  727  was  conducted  in  a joint  FAA/NASA  program  to  assess  conven- 
tional and  two-segmented  ILS  approaches^3.  The  Boeing  727  was  equipped 
with  smoke  generators  for  making  the  vortices  visible,  and  a Lear  Jet 
model  23  (LR-23)  and  a Piper  Twin  Comanche  (PA- 30)  were  intentionally 

flown  into  a vortex  to  record  aircraft  perturbations  during  and  following 
the  encounter. 

Comments  summarized  during  the  program  by  the  pilots  of  the  LR-23 
were  as  follows  (these  comments  are  taken  directly  from  Reference  23): 

"1.  Calm  air  and  a 'flaps-up*  configuration  of  the  generating  air- 
plane presented  the  worst  case  to  the  trailing  airplane.  With  the  pas- 
sage of  time,  even  in  calm  air,  wake  vortices  dissipate.  The  character- 
istic breakup  occurs  as  a longitudinal  gathering  of  the  vortex,  followed 
by  a radial  expansion  appearing  as  a large  doughnut,  and  within  approxi- 
mately five  or  so  minutes  after  that,  dissipation  is  complete." 

"From  the  pilot  point  of  view,  safe  separation  must  be  based  on  this 
worst  case  until  other  effects  can  be  adequately  measured  and  taken  into 
account.  The  above  described  breakup  and  dissipation  consistently  happens 
between  a minute,  and  a minute  and  a half,  in  the  case  of  the  B-727.  A 
separation  of  two  minutes  should  therefore  provide  safety  as  well  as  an 
adequate  margin.  With  a typical  approach  speed  of  13C  knots  for  the  gen- 
erating airplane,  a separation  distance  of  4.5  nautical  miles  would 
assure  vortex  dissipation  even  in  the  worst  case  for  the  trailing  airplane." 

"2.  Generating  airplane  flap-deflection  was  observed  very  clearly 
to  provide  secondary  vortices  which  tended  to  mingle  with  and  speed  the 
destruction  of  the  primary  wing  tip  vortices  in  proportion  to  the  amount 
of  flap  deflection.  Penetration  of  the  trailing  vortices  produced  signi- 
ficantly less  disturbance  with  30°  or  more  flap  deflection  compared  to  the 
flaps-up  configuration  at  egual  vortex  ages.  Therefore,  separation  could 
be  safely  reduced  somewhat  (i.e.,  less  than  two  minutes  or  4.5  n.m. ) if 
the  generating  B-727  were  known  to  have  at  least  30°  of  flaps  extended. 
However,  where  decelerating  approaches  are  made  at  lesser  flap  deflection 
until  the  last  two  or  three  miles  prior  to  touchdown,  the  reduced  separa- 
tion could  not  be  considered  appropriate." 
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The  Transportation  System  Center  (TSC)  of  The  Department  of  Transporta- 
tion (DOT)  developed  a system  for  tracking  vortices  and  their  persistence 
in  the  approach  alley  (see  References  24  and  25).  The  approach  alley  is 
the  volume  of  air  just  prior  to  touchdown  which  lies  up  to  150  feet  on 
either  side  of  the  runway  centerline,  from  ground  level  up  to  an  altitude 
of  approximately  300  feet,  and  from  the  middle  marker  on  into  touchdown. 
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The  purpose  behind  the  program  was  to  develop  a Vortex  Advisory 
System  (VAS)  to  be  used  in  the  terminal  area  to  detect,  track,  or 
predict  the  presence  of  vortices.  Algorithms  were  also  developed  for 
evaluating  the  persistence  of  the  hazard;  appropriate  information  would 
then  be  transmitted  to  the  aircraft  in  the  landing  pattern.  Of  interest 
were  those  atmospheric  conditions  which  caused  rapid  vortex  breakup. 

Under  these  conditions,  the  terminal  approach  spacing  could  be  decreased, 
thus  increasing  airport  capabity. 

By  1979,  the  vortices  behind  over  50,000  commercial  airliners  (Boeing 
747,  707  and  727;  McDonnell  Douglas  DC-10,  etc)  had  been  tracked  in  the 
approach  alley24,25  from  vortex  measurement  systems  installed  at 
John  F.  Kennedy,  Denver,  Heathrow,  and  Toronto  Airports.  Additionally, 
the  use  of  the  algorithm  was  tested  in  a program  conducted  at  Chicago 
O'Hare  Airport.  The  results  are  shown  in  Figures  8 and  9. 

The  probability  that  a vortex  persists  longer  than  anytime  in  the 
approach  alley  is  given  in  Figure  8 as  a function  of  cross  wind.  Most 
of  the  vortices  either  break  up  or  drift  out  of  the  approach  alley  in 
less  than  two  minutes.  It  is  noted  again  that  the  volume  of  air  of 
interest  is  approximately  150  feet  on  either  side  of  the  runway  center- 
line,  from  the  middle  marker  on  into  touchdown,and  at  an  altitude  below 
approximately  300  ft.  The  data  shown  in  Figure  8 is  a composite  of  all 
aircraft  that  were  tracked  at  Heathrow  International  Airport.  Now, 
eighty  seconds  represents  an  aircraft  spacing  of  less  than  3 nautical 
miles  for  the  approach  speeds  of  most  modern  airplanes.  It  is  reason- 
able, then,  to  predict  that  wake  vortices  are  not  a hazard  at  Heathrow 
when  there  are  crosswinds  greater  than  10  knots. 

In  1973  and  as  a result  of  the  vortical  wake  hazard,  the  FAA 
increased  the  separation  standards  behind  heavy  jets  (take-off  weight 
of  300,000  pounds  or  more)  to  4 nautical  miles  for  a following  heavy 
aircraft;  the  separation  distance  for  a following  non-heavy  aircraft 
was  set  at  5 nautical  miles.  The  standard  was  revised  in  1975  by 
setting  the  separation  for  following  light  aircraft  (take-off  weight 
less  than  12,500  pounds)  at  6 nautical  miles.  So,  the  algorithm  pre- 
sented in  Figure  9a,  taken  from  Reference  25,  was  of  particular  interest 
to  the  FAA.  The  algorithm  consists  of  two  concentric  ellipses  with  the 
major  axes  aligned  in  the  direction  of  the  runway. 

Now,  the  algorithm  is  as  follows.  The  3/4/5/6-nauti cal-mi le 
separations  are  to  be  used  when  the  averaged  wind  vector  is  on  or 
inside  the  inner  ellipse.  The  uniform  3-nautical-mile  separation 
regardless  of  aircraft  size  is  to  be  used  when  the  averaged  wind 
vector  is  on  or  outside  the  outer  ellipse;  that  is,  the  approach  alley 
is  clear  of  persisting  vortices  for  incoming  airplanes.  Additionally, 
the  averaged  wind  vector  must  increase  from  on  or  inside  the  inner 
ellipse  until  it  reaches  the  outer  ellipse  prior  to  instituting  the  3 
nautical  mile  separation  criteria.  Conversely,  the  averaged  wind 
vector  that  is  on  or  outside  the  outer  ellipse  must  decrease  so  as 
to  be  on  the  inner  ellipse  before  the  3/4/S/6  criteria  is  applied. 
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gure  9.  Wind  Vector  Criteria 
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According  to  Hallock  * ' , for  safety  purposes  the  algorithm  was 
developed  to  be  conservative;  it  is  primarily  based  upon  the  persistence 
of  strong  vortices  behind  jumbo  jets.  Hallock  contends  that  the  algo- 
rithm is  ultra-conservative  when  applied  behind  aircraft  in  the  100,000 
to  300,000  pound  class  or  to  fighter  aircraft.  However,  this  contention 
remains  to  be  examined  further. 


The  vortices  can  still  persist  for  a long  time  after  they  have 
cleared  from  the  approach  alley  as  given  by  the  above  algorithm;  Ref- 
erence is  made  to  Figure  9b.  These  results  represent  the  lifetime 
of  vortices  trailed  behind  airplanes  as  a function  of  wind  magnitude. 
McGowan  devised  the  original  curve  by  fairing  it  to  all  known  vortex- 
lifetime data  in  1970  such  that  all  of  the  data  were  included  within 
the  curve.  McGowan's  curve  was  updated  to  include  all  of  the  measure- 
ments obtained  as  part  of  the  VAS  program25.  it  is  seen  that  a vortex 
can  persist  for  up  to  4 minutes  when  the  total  wind  is  less  than  6 
knots  in  magnitude.  Thus  a vortex  that  has  cleared  from  an  approach 
alley  can  pose  a problem  for  aircraft  landing  on  an  adjacent  runway. 

Reference' is  now  made  to  Equation  (lb)  or; 
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The  decrease  in  circulation  strength,  Fg,  once  X Ct_/b  /R  exceeds  9.58 
behind  an  aircraft  in  landing  approach  (flaps  f'„i  1y  deployed)  was 
deduced  from  ground-based  measurements  taken  b<  T5C  at  Kennedy  Airport, 
NASA/FAA  flight  test  measurements  using  probe  aircraft,  and  NASA  towing 
tank  results  (see  Reference  25).  This  decrease  in  To  is  attributed  to 
the  interference  effect  occurring  when  flaps  and  wingtip  vortices  inter- 
act. The  interaction  causes  the  circular  symmetry  of  the  vortices  to  be 
destroyed  resulting  in  an  increase  in  diffusion  and  in  an  increase  in 
vorticity  spreading.  Additionally,  atmospheric  disturbances  cause 
shearing,  sinuous  instabilities,  vortex  linking,  and  vortex  bursting. 

All  of  the  above  eventually  cause  a significant  restructuring  of  the 
vortical  flow  field  into  a form  of  clear-air  turbulence. 


4.  Helicopter  Wake  Location 

The  rotor  wake  of  a helicopter  is  depicted  in  Figures  2 and  10. 
The  vortices  from  the  rotor  blades  trail  in  the  conventional  manner 
from  the  blade-tips  to  form  a sheath.  Except,  for  hover  and  transition 
to  or  from  forward  flight,  this  vortex  sheath  begins  to  distort, 
forming  2 vorticies  starting  at  and  trailing  aft  from  approximately  1.5 


* McGowan , W.  A. , Al7c?af t lWake' T u rbul ence  A vol  dance , 1 2th~  A'ngl o- 
American  Aeronautical  Conference,  Paper  72/6,  Calgary,  SK,  Canada, 
July  1971 
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Helicopter  Rotor  Wash 


radii  behind  the  rotor  disk  plane.  It  is  these  vortices  which  are  formed 
from  the  distorted  sheath  that  can  persist  for  a long  time,  causing  severe 
wake  encounters  in  the  terminal  area. 


Now,  the  development,  of  an  all-inclusive  mathematical  representation 
for  the  rotor  wake  including  blade  tip  vortices  and  the  distortion  of 
the  sheath  into  trailing  vortices  in  the  far  wake  is  far  beyond  the  scope 
of  this  effort.  In  fact  it  is  doubtful  that  any  of  the  helicopter-producing 
companies  have  a digital  computer  code  that  accurately  predicts  the  distort- 
ing sheath  in  the  far  downstream,  simply  because  they  have  never  had  a need 
for  it.  The  emphasis  in  company- generated  predictive  methods  is  on  rotor 
performance  and  efficiency,  so  a representation  for  the  vortices  trailed 
in  the  wash  from  the  rotor  blades  is  needed  for  computation  of  the  angle 
of  attack  induced  back  at  the  rotor  blades.  The  velocity  induced  by  a 
blade-tip  vortex  in  the  rotor  wake  far  downstream  contributes  very  little 
to  the  induced  velocity  at  the  rotor  blade.  Consequently,  helicopter 
companies  concentrate  their  efforts  on  accurately  locating  the  rotor- 
blade-tip  vortices  in  the  immediate  vicinity  of  the  rotor  blades  and  up 
to  approximately  two  rotor  diameters  aft  of  or  below  the  disk  plane 
(depending  on  whether  the  prediction  is  for  a rotor  in  forward  flight  or 
in  hover). 


The  alternative  course  taken  here  was  to  take  advantage  of  existing 
experimental  data  in  locating  the  rotor  wake.  NASA  Langley  data  was 
used  in  determining  the  rotor  wash  angle  % shown  in  Figure  10.  This 
angle  together  with  the  downwash  velocity  V0  through  the  rotor  disk  plane 
was  related  to  formulations  for  an  equivalent  circular  jet  representation 
of  flow  through  the  rotor  disk,  in  a wind.  This  type  of  system  was  tested 
intensively  in  the  1960  time  period  in  relation  to  V/STOL's  (see  Reference 
26).  A correlation  of  results  from  the  formulations  developed  in  this 
way  was  then  made  with  helicopter  flight  test  data  to  assess  method  rele- 
vance and  accuracy. 

Now,  the  downwash  velocity  V that  Is  shown  In  Figure  10  is  given  in 
Reference  27  as:  0 

WcTv//^r  \ 02) 

where  Vy  Is  the  rotor  tip  speed,  and  where  the  thrust  coefficient  Ct 
for  level  flight,  the  advance  ratlojM,  and  the  induced-velocity  ratio 
A are  defined  as; 

CT  = W/PttR2Vt2 

A = Vp  cosa/VT  (13) 


A = (VF  Sina-V0)/V.f 

Substituting  Equations  (13)  into  (12)  yields: 
v = JL  . ctVt2 

* jl  + ,'V  - 2,vo>  sin  ci 
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a are  far  less  than  unity  produces: 


Assuming  that  (^2.)2  and  2(^o)  sin 
Vr  Vr 


VQ  = W/2pirR  Vp 
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The  assumptions  made  in  this  analysis  limit  the  use  of  this  equation  to  heli- 
copters in  level  forward  flight  speed  Vp  with  advance  ratios  eoual  to  nr 
greater  than  /t  = .1 . r 
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Heyson  ’ at  NASA-Langley  was  heavily  involved  in  rotor  and  V/STOL 
development  in  the  late  1950's  and  in  the  1960's.  With  the  results  of 
many  experimental  test  programs  and  an  analytical  effort2^,  Heyson  devel- 
oped the  relationship  shown  in  Figure  11:  the  initial  wake  efflux  angle 
% is  given  as  a function  of  level  forward  flight  speed  Vp  and  helicopter 
weight  W.  This  relationship  is  used  here  in  establishing  the  initial  jet 
efflux  angle  for  the  equivalent  circular  jet  in  a cross  wind  as  mentioned 
above.  The  equivalent  subsonic  jet,  initially  at  an  angle  to  the  wind,  is 
shown  in  Figure  12.  The  coordinate  axes  x and  z and  the  jet  efflux  angle 
©w  are  directed  as  in  Figure  10.  As  the  jet  exhausts  at  an  angle  % to  the 
relative  wind,  it  is  deflected  into  the  wind  direction  by  viscous  entrain- 
ment of  the  crossflow  by  the  jet,  and  also  by  the  effect  of  induced  pres- 
sure forces  on  the  jet  boundary  layer.  Additionally,  the  initial  circular 
cross  section  of  the  jet  distorts  into  a kidney  shape,  which  distorts  fur- 
ther to  form  two  contra-rotating  vortices  much  like  the  wing-tip  vortices 
trailed  behind  an  aircraft  (reference  is  made  to  Figure  12).  These  vor- 
tices then  trail  into  the  far  wake,  separated  from  one  another  by  a dis- 
tance of  approximately  the  diameter  of  the  duct  (see  Reference  26).  In 
fact,  the  distortion  of  the  jet  efflux  is  equivalent  in  nature  to  the 
distortion  of  the  vortex  sheath  below  the  Helicopter  rotor  disk  plane. 

It  was  felt,  then,  that  empirical  formulations  developed  during  the  1 960 ‘ s 
for  predicting  the  jet  duct  centerline  could  be  appropriately  modified 
to  provide  an  estimate  of  the  rotor  wake  centerline  relative  to  the  heli- 
copter; the  coordinate  systems  of  both  are  indicated  in  Figures  10  and  12. 

pC 

A review  of  the  literature  of  the  1960  time  period  was  made  for 
appropriate  empirical  formulations  which  gave  centerline  location  as  a 
function  of  ew  and  Vj,  and  which  was  reiatable  to  the  co-ordinate  system 
shown  in  Figure  12.  The  empiricisms  selected  for  evaluation  were  as 
follows : 
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Abramovitch 
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A comparison  of  the  results  from  these  formulations  with  the  experi- 
mental data  of  Keffer  and  Baines33,  and  Jordinson34  is  shown  in  Figure 
13  for  Gw  = 90  degrees.  It  is  seen  that  Margason  and  Heyson's  empiri- 
cisms given  in  Equations  (16)  and  (17)  become  equivalent  when  the  jet 
exhausts  perpendicular  to  the  wind.  The  comparisons  among  Equations 
(16)  through  (18)  and  the  experimental  data  also  indicate  that 
Abramovitch1 s empiricism  provides  better  agreement  with  experiment  than 
Margason’ s and  Heyson's. 

Figure  14  provides  correlation  of  the  same  empirical  formulations 
with  the  experimental  data  of  Braun  and  McAllister33  for  c jet  efflux 
angle  of  60.9  degrees  relative  to  the  wind.  Again,  the  Abramovitch 
empiricism  provides  better  correlation  with  the  experimental  data  than 
either  Heyson's  or  Margason's.  It  is  also  seen  from  both  Figures  13 
and  14  that  all  of  the  empiricisms  selected  for  evaluation  under-predict 
the  amount  of  curvature  incurred.  As  a result  of  only  these  correlations, 
the  Abramovitch  empiricism.  Equation  (18),  was  selected  for  modification 
in  estimating  the  centerline  location  of  the  rotor  wake. 

The  final  step  in  developing  this  method  for  predicting  the  wake 
behind  a rotor  is  to  relate  the  jet  equivalent  duct  radius,  Rp,  and 
equivalent  exhaust  velocity,  Vj,  to  the  rotor  diameter>R,and  inflow 
velocity, Vg.  The  diameter  of  the  jet  of  air  from  a round  orifice 
remains  fairly  constant  in  circular  cross-section  until  the  jet-air 
boundary  distorts  as  shown  in  Figure  12.  For  that  matter,  this  diameter 
may  even  increase  if  significant  entrainment  occurs  before  the  wake  dis- 
tortion takes  place.  The  rotor  wake,  on  the  other  hand,  contracts  immedi- 
ately below  the  rotor  disk  as  shown  in  Figure  15,  causing  a corresponding 
increase  in  the  velocity  of  the  air  in  the  vorticity  stream  tube.  Slip- 
stream contraction  just  aft  of  the  rotor  disk  plane  occurs  not  only  in 
hover  but  also  at  the  advance  ratios  ju  of  interest  to  this  effort. 


The  classical  approximation  to  the  axial  variation  of  slipstream 
velocity  for  a hovering  propeller  is  a tuoular  vortex  sheet  of  constant 
circulation  strength  per  unit  length,  y (see  sketch  2 in  Figure  15). 
From  Davenport33,  this  results  in  an  axial  variation  in  velocity  of: 


V(z)  - V0|l  + 1/ 


1 + Z/R jj  1 + Z/R/J 
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The  principle  of  continuity  as  applied  to  incompressible  flow 
in  a stream  tube  leads  to  the  result  that  the  product  of  velocity  and 
area  is  constant;  that  is: 


VqAo  = V(Z)A(Z) 


(20) 
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Figure  15.  Rotor  Wake  Contraction  in  Hover 
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Equations  (19)  and  (21)  are  plotted  in  Figure  15  as  functions  of 
Z/R.  It  is  seen  that  the  classical  far- down stream  inviscid  momentum 
results  are  approached:  the  velocity  in  the  stream  tube  far  down  stream 
is  twice  that  at  the  rotor  disk  plane,  and  the  stream  tube  radius  far 
downstream  is  . 707R. 

Hovering  rotor  performance  calculations  using  vortex  structure  based 
on  these  assumptions  gave  results  for  rotor  efficiency  which  were  clearly 
optimistic  in  comparison  to  test  data.  Davenport36  improved  the  correla- 
tion between  prediction  and  test  data  by  using  a variable-vorticity  model 
for  the  vorticity  stream  tube;  these  results  for  V(Z)  and  r(z)  are  also 
shown  in  Figure  15.  Davenport's  results  were 'used  here  in  relating  the 
equivalent  duct  radius,  R0,  and  equivalent  jet  exhaust  velocity,  Vj,  of 
Equation  (18)  to  the  rotor  diameter,  R,  and  rotor  inflow  velocity,  V0. 

Using  our  engineering  judgement  and  Davenport's  results,  we  assumed 
that  the  rotor  wash  in  forward  flight  could  be  represented  by  the  duct 
exhaust  as  shown  in  Figure  16.  The  relationships  used  to  form  this  trans- 
formation are: 


Rd  = . 8R 

V . » 1.6  V„ 

J o 

Substituting  Equations  (22)  into  Equation  (18)  then  gives: 
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This  expression,  Illustrated  in  Figure  16,  can  now  be  used  to  esti- 
mate the  wake  location  relative  to  the  rotor  disk.  Its  use  is  as  follows 
(1)  the  quantity  V0  is  determined  from  Equation  (15)  where  W,  R,/9,  and 
Vp  are  known  from  the  operating  conditions  of  the  helicopter;  (2)  the 
wake  efflux  angle  is  determined  from  Figure  11  where,  again,  W,  R,/7, 
and  Vp  are  known  parameters;  and  (3)  Equation  (23)  is  then  used  to  deter- 
mine the  X location  of  the  rotor  wake  for  a range  of  Z/R  as  the  input 
parameter  into  this  equation. 


The  first  right-hand  part  of  Equation  (23)  is  the  effect  of  entrain- 
ment and  cross-flow  drag  effects  upon  the  rotor  wake  below  the  disk  plane. 
It  is  this  term  that  causes  the  curvature  in  the  rotor  wake.  The  second 
term  or  Z/R  cot  Ow,  often  called  the  linear  wake  solution,  provides  the 
location  of  the  rotor  wake  if  entrainment  and  viscous  effects  were  ignored. 


5.  Helicopter  Vortical  Wake  Decay 

The  circulation  strength,  r0,  for  helicopters  in  1-g  flight  Is 
obtained  from  Equation  (lb)  by  relating  the  aircraft  span,  b,  to  the 
rotor  diameter,  0.  The  result  of  it. is  modi fi cation  is: 
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The  reason  for  not  using  Equation  (la  . pursued  further  following 
Equation  (26).  The  question  now  is  whether  Equation  (10),  which  was 
developed  for  aircraft  use,  can  be  applied  to  the  analysis  of  opera- 
tions involving  helicopters. 


In  Equations  (10)  and  (11),  the  variation  of  rc  with  time  t 
followed  a t~?s  power  law;  that  is,  X = Vpt: 

rc  - K fT  (25) 


When  this  power  law  was  compared  with  the  vortex  decay  determined 
from  helicopter  flight  test  summarized  by  Flinn®  (see  Figure  17),  the 
agreement  proved  favorable.  Therefore,  Equation  (10)  was  used  in 
.applying  vortical  decay  formulations  to  helicopters.  The  flight  test 
data  given  in  Reference  27  was  used  in  obtaining  an  empirical  fit  for 
rc  which  becomes: 


rc  - 244 


vX 


(26) 


It  is  noted  that  the  vortex  core  size  as  given  by  Equation  (26)  is 
approximately  7 times  larger  than  that  given  in  Equation  (11)  for  air- 
planes even  with  flaps  fully  extended;  this  result  was  expected.  Now, 
the  results  given  in  Reference  8 indicate  that  an  increase  in  turbulence 
level  within  a vortex  causes  an  increase  in  core  radius  rc.  Qualita- 
tively, we  would  expect  that  the  turbulence  level  in  the  rotor  wash  of 
a helicopter  would  be  higher  than  that  in  the  wake  behind  a wing  even 
with  flaps  extended.  Consequently,  the  turbulence  level  in  the  vortices 
trailed  behind  a rotor,  as  shown  in  Figure  (2),  should  be  larger  than 
that  in  the  vortices  trailed  behind  airplanes  even  in  the  landing 
approach  configuration.  This  leads  to  the  use  of  the  flaps-down  defi- 
nition for  r0  given  in  Equation  (lb).  Further  research  in  this  area  is 
requi  red. 


Collecting  the  helicopter  wake  equations  for  1-g  flight  yields: 


r = 2W  , _ XW  < 9.58 
0 np  VpR 

F = 9.58  (2W/ttd VrR)T  XW.T-1,  XW  > 9.58 

0 h Iv^rSJ  vv^P 


(27) 
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6.  Helicopter  Method  Assessment  & Other  Comments 

The  method  developed  above  is  based  upon  an  equivalent-jet  analogy, 
with  enpirical  equations  developed  from  experimental  data  on  jets  exhausting 
into  a freestream;  the  Vj/Vp  ratio  tested  was  of  the  order  of  4.0.  Yet, 
it  is  known  that  the  V0/Vp  ratio  for  helicopters  with  advance  ratios  of 
interest  here  is  closer  to  .1  < V0/Vp  £ .3.  Therefore,  a correlation  was 
needed  of  the  above  method  with  actual  helicopter  flight  test  data  to 
assess  applicability;  the  data  used  was  obtained  from  Reference  37. 

The  single-rotor  helicopter  shown  in  Figure  18  was  used  to  generate 
the  wake  and  a North  American  T-28  was  used  to  penetrate  the  wake  in  the 
NASA  Langley  flight  test  program  described  in  Reference  37.  Colored 
smoke  was  streamed  into  the  wake  behind  the  helicopter  as  an  identifica- 
tion device.  Recording  instruments  installed  in  the  airplane  were  an 
accelerometer  to  measure  normal  acceleration  at  the  center  of  gravity  of 
the  airplane3and  a roll  control  position  transmitter  to  measure  pilot 
control  inputs.  All  other  in-flight  variables  such  as  airspeed,  altitude, 
heading,  and  bank  angle  were  indicated  on  the  normal  instrument  display 
of  the  airplane.  No  recording  instruments  were  installed  in  the  helicopter. 

The  airplane  with  10°  flaps  penetrated  the  wake  while  the  helicopter 
flew  at  40  to  60  knots,  with  a constant  heading  and  altitude  (4,000  feet). 
The  wake  penetrations  consisted  of:  (1)  converging  penetrations  where  the 
airplane  gradually  crossed  through  the  helicopter  wake  from  a course  nearly 
parallel  to  that  of  the  helicopter;  (2)  descent  through  the  wake  on  the 
same  heading  as  the  helicopter;  and  (3)  intersecting  penetrations  from  a 
course  90°  to  the  helicopter  heading. 

A velocity  contour  of  the  wake  behind,  the  helicopter  is  given  in 
Figure  19.  This  contour  was  estimated  by  the  probe  T-28  aircraft  at 
approximately  3 radii  behind  the  helicopter.  Also  indicated  in  this 
figure  is  the  prediction  for  the  centerline  of  the  helicopter  .wake; 
the  correlation  indicates  good  agreement  between  prediction  and  test  data. 

As  indicated  earlier,  the  equivalent  duct  radius  is  .8R,  where  R 
is  the  rotor  radius  (see  Equation  (22)).  The  separation  distance  b' 
between  the  trailed  vortices  behind  the  disk  plane  at  3 radii  behind 
the  helicopter  is  then  twice  R^: 

b'  = 1.6R  (28) 

The  swirl  velocity,  V0,  through  the  cross-section  of  the  curved' rotor 
wake  is  then  obtained  as  follows:  (1)  use  Equation  (27)  starting  at 
y--b'/2  and  determine  Vo/\  from  left  to  right  in  Figure  20  using 
r = -b'/2  + r'  where  r'  is  varied  from  -.3R  up  to  2.4R,  the  subscript  A 
stands  for  the  advancing-side  vortex;  (2)  similarly,  determine  Vqr  from 
right  to  left  in  Figure  20  starting  at  y - b ' /2  and  using  r =b!/Z  + r' 
where  r*  is  varied  from  -.3R  up  to  2.4R;  the  subscript  R stands  for  the 
retreating-side  vortex;  and  (3)  sum  V0,  and  V0R  to  obtain  the  results 
shown  in  Figure  20.  Also  shown  is  the  swirl  velocity,  V frcu  results 
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of  the  flight  test  program.  The  correlation  between  prediction  and  test 
data  is  very  good  on  the  advancing  side  but  relatively  poor  in  the  vicinity 
of  r<-  on  the  retreating  side.  Nevertheless,  the  correlation  is  of  suffi- 
cient merit  to  indicate  that  the  method  developed  for  predicting  the  loca- 
tion and  swirling  nature  of  the  flow  in  the  rotor  wake  is  useful  here  in 
assessing  vortical  wake  hazards  caused  by  helicopters  in  USAF  operations. 
Further  correlations  with  flight  test  data  are  needed  to  investigate  the 
differences  between  advancing  and  retreating  side  vortical -sheath  rollup, 
and  to  modify  the  prediction  technique  accordingly. 

The  ground  should  have  the  same  effect  on  the  rollup-up  sheath  vor- 
tices behind  a helicopter  as  that  discussed  in  Section  2.1.  That  is,  as 
ground  is  approached,  the  vortices  slow  their  descent,  level  off  at  an 
altitude  of  b'/2,  and  travel  parallel  to  the  earth  at  an  induced  speed  of 
r0/2irb'.  Equations  (5)  as  developed  for  aircraft  are  also  applicable 
here  except  that  Tp  and  b‘  are  now  defined  by  Equations  (24)  and  (28), 
and  H by  Equation  (23).  Additionally,  large  shear  changes  in  the  atmos- 
phere and  bouyancy  effects  have  the  same  impact  on  the  helicopter  vor- 
tices as  those  discussed  in  2.1.  Therefore,  the  error  analysis,  Equations 
(7),  should  also  be  applied  to  the  predicted  location  of  the  helicopter 
vortices;  that  is: 


AHv  = iVo  . t/4 
AY  = + Vs  t/4 


(29) 


where  VQ  is  used  in  defining  the  vertical  height  error  band. 

Aircraft  vortical  wake  breakup  by  atmospheric  means  is  discussed  in 
Section  2.3.  There,  programs  conducted  by  NASA,  FAA  and  the  Transporta- 
tion System  Center  (TSC)  of  The  Department  of  Transportation  (DOT)  sug- 
gest that  vortices  behind  airplanes  usually  do  not  persist  for  longer 
than  four  minutes.  It  seems  logical  that  this  same  rule  also  applies  to 
the  vortices  behind  helicopters.  Of  interest  here  are  some  of  the  com- 
ments made  by  the  pilots  of  the  probe  aircraft  in  the  flight  test  effort 
of  Reference  37.  The  penetration  flight  tests  of  this  study  were  per- 
formed by  a research  pilot  accompanied  by  an  observer.  In  the  pilot's 
opinion,  crossing  through  the  wake  center  can  produce  lateral  upsets  that 
would  be  dangerous  if  occurring  near  the  ground.  The  pilot  further  com- 
mented that  the  T-28  limits  of  roll  control  were  slightly  exceeded  in 
these  penetration  tests.  The  test  airplane  was  a military  trainer  which 
meets  the  demanding  roll  control  requirements  of  the  military  handling 
qualities  specifications. 


One  of  the  observer's  tasks  was  to  measure  with  a stopwatch  the  time 
interval  from  wake  penetration  until  the  airplane  passed  by  the  helicop- 
ter, in  order  to  obtain  distance  estimates.  Several  attempts  were  made 
to  measure  the  wake  intensity  at  extended  distances  behind  the  helicop- 
ter. Comments  from  both  the  pilot  and  observer  indicated  that  when 
the  separation  interval  was  on  the  order  of  a minute,  the  airplane  encoun- 
tered only  minor  turbulence.  However,  neither  the  pilot  nor  observer  was 
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sure  whether  the  low  intensity  encountered  at  this  interval  was  due  to 
wake  dissipation  or  smoke  dispersion,  either  of  which  would  cause  the 
wake  location  to  be  uncertain. 

It  can  be  argued  that  the  vortices  break  up  sooner  behind  helicop- 
ters than  they  do  behind  aircraft.  The  turbulence  generated  by  the 
rotor  blades  immediately  below  the  rotor  disk  plane  should  be  much  larger 
then  that  existing  in  the  vorticity  sheet  trailed  behind  an  aircraft  wing. 
This  additional  turbulence  should  hasten  the  decay  and  eventual  break  up 
of  the  helicopter  vortices.  Further  research  in  this  area  is  needed.  All 
that  can  be  said  at  this  moment  is  that  the  vortical  wake  behind  a heli- 
copter could  break  up  as  soon  as  one  minute  and  should  be  all  broken  ud 
at  two  minutes. 
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SECTION  III 


THE  DEVELOPMENT  OF  AN  ENCOUNTER  MODEL 

A simplified  mathematical  model  is  developed  here  for  implementing 
appropriate  USAF  trainers  and  simulators  with  the  capability  of  simu- 
lating an  encounter.  It  is  felt  that  this  course  is  imperative  because 
many  USAF  pilots  are  not  fully  aware  of  the  dangers  involved  when  encoun- 
tering wake  vortices;  this  is  especially  so  if  the  generating  aircraft 
is  not  a "heavy"  transport,  defined  by  the  FAA  as  an  aircraft  weighing 
about  300,000  pounds  or  more.  A hazardous  example  is  flight  in  trail 
formation  when  the  lead  aircraft  is  pulling  g's.  Additionally,  the  HH- 
53  helicopter  at  38,000  pounds  is  not  a "heavy"  configuration  according 
to  the  FAA  separation  criteria;  the  strength  of  the  vortical  wake  it 
trails  while  flying  at  60  knots  is  similar  to  that  behind  a KC-135  or 
Boeing  707  in  landing  approach.  Obviously  an  effort  is  necessary  to 
impress  upon  all  USAF  pilots  of  the  hazards  associated  with  wake  vorticity. 
This  can  be  done  through  simulation  as  part  of  the  training  curriculum. 

A vortex  in  close  proximity  to  an  aircraft  influences  the  forces  and 
moments  exerted  on  all  of  the  aerodynamic  surfaces  of  the  aircraft,  causing 
very  rapid  perturbations  in  aircraft  flight  path.  Therefore,  unsteady 
aerodynamic  effects  may  be  important.  A mathematical  model  that  includes 
all  of  these  effects  in  detail  would  require  extensive  formulation  and 
programming  for  the  computer  system  at  a simulator  facility.  Much  compu- 
ter storage  would  be  needed,  and  the  encounter  computations  could  not  be 
performed  in  real  time. 

To  avoid  such  problems,  only  the  simplest  of  models  representing  the 
encounter  is  considered  here.  An  isolated-vortex  model  is  used  to 
perturb  only  the  roll  equation  of  the  six-degrees-of- freedom  equations 
of  motion  representing  the  encountering  aircraft. 

1.  The  Swirl  Velocity  Within  the  Vortex 

There  are  many  analyses  which  include  viscous  and  turbulent  decay 
effects  within  the  vortex.  Many  of  these  analyses  are  complex,  requiring 
a digital  computer  program  to  yield  a solution®.  The  exponential  solu- 
tion given  by  Equation  (10)  might  impact  computation  time  on  the  simula- 
tor if  this  calculation  were  performed  numerous  times  during  the  encoun- 
ter. Therefore,  a simpler  yet  realistic  representation  for  the  flow  in 
a vortex,  as  given  by  the  Rankine  Solid-Body  solution8,  is  used  here: 

^0  " r°  (— ) , j r | £ rc  (within  the  core) 

2"rc  c (30) 

V = ro  , J r | > r (outside  the  core) 

0 2tt  r C 

where  r0  is  given  by  Equation  (1),  for  airplanes,  or  Equation  (24),  for 
helicopters;  the  core  size  r,,  is  defined  by  Equation  (11),  for  airplanes, 
and  by  Equation  (26)  for  helicopters. 
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The  swirl  velocity  Vp  is  shown  in  Figure  21  as  a function  of 
lateral  displacement.  This  represents,  of  course,  the  velocity  distri- 
bution normal  to  any  straight  line  passing  through  the  center  of  the  vortex 
at  any  angle.  The  core  radius  rc<)was  assumed  to  be  2 feet;  the  reason 
for  this  assumption  follows.  The  objective  of  this  overall  effort  is 
to  use  simulation  to  educate  pilots  on  the  dangers  of  a vortex  encounter 
when  flying  "too  close"  behind  a lead  aircraft.  On  the  basis  of  the 
T-383  and  T-39^  accidents,  "too  close"  was  defined  as  being  within  2.5 
nautical  miles  behind  the  lead  airplane,  where  viscous  decay  effects 
have  not  caused  a significant  increase  in  vortical  core  radius.  A 
core  radius  of  2 feet  is  considered  to  be  representative  for  that  loca- 
tion. The  equations  are  developed  in  full  with  rc  a variable.  Simplifica- 
tions are  then  formed  to  represent  r = 2 ft.  Appropriate  corrections  will 
be  given  for  this  distance  behind  the  helicopter. 

With  core  radius  equaling  2.0  ft.  Equations  (30)  are: 
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Prior  to  formulating  the  effect  of  the  vortex  upon  the  aircraft, 
it  is  appropriate  to  qualitatively  describe  vehicle  motions  and 
pilot  control  actions  as  the  vortex  is  encountered;  reference  is  made 

to  Figure  22  . At  location  A,  the  upwash  field  on  the  pilot's  left 

wing  exceeds  that  exerted  on  the  right  wing.  Therefore,  the  pilot 
pushes  his  stick  left  of  center  so  that  the  ailerons  counteract  the 
asymmetrical  wing  loading  to  maintain  a wings-level  attitude.  As  the 
aircraft  slides  from  A to  B,  the  amount  of  aileron  required  to  hold 
wings  level  increases.  As  the  aircraft  enters  the  core  (i.e.  , C in 
Figure  22),  the  roll  moment  induced  on  the  aircraft  reverses  sign. 

The  pilot  moves  the  stick  hard  over  to  the  right  in  an  attempt  to 

recover.  His  lag  increases  the  left- rolling  tendency  until  he  reverses 
control.  Aileron  authority  may  be  exceeded  by  the  vortical  effect. 

The  aircraft  rolls  left-wing-down  past  90  degrees  and  falls  down  away 
from  the  vortex  (D  and  E in  Figure  22). 

When  the  aircraft  is  in  between  B and  C the  roll  moment  induced  by 
the  vortex  changes  sign.  At  this  instant,  the  aircraft  accelerates 
downward  and  (if  stable)  pitches  nose-down  due  to  the  change  in  upwash 
field.  Even  though  the  pilot  may  use  elevator  and  throttle  to  correct 
for  this  situation,  it  is  believed  that  the  pilot's  main  concern  is  his 
bank  angle.  Similar  arguments  can  be  presented  as  the  aircraft  passes 
from  C,  through  D,  and  to  E;  the  pilot's  main  concern  is  regaining  wings 
level.  Therefore,  an  encounter  model  which  serves  as  a disturbance  input 
only  to  the  roll  equation  of  motion  may  be  adequate  for  the  purpose. 
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Figure  22.  Pilot  Action  During  an  Encounter 


2.  Roll  Model  Formulation 

The  centerline  of  the  vortex  parallels  the  aircraft  x (longitudinal) 
body  axis  and  moves  along  the  y (lateral)  axis  during  the  encounter; 
reference  is  made  to  Figure  23  . In  addition,  it  Is  assumed  that  the 
aircraft  rolls  while  sliding  through  the  vortex  core  and  falls  away  so 
quickly  that  the  induced  effect  from  the  other  wing-tip  vortex  behind 
the  generating  aircraft  need  not  be  considered  here;  the  roll  moment 
contributions  from  the  fuselage,  empennage,  and  landing  gear  are  negli- 
gible in  comparison  to  the  roll  moment  of  the  wing  during  the  encounter, 
and  unsteady  aerodynamics  are  neglected. 

The  lift  on  the  wing  element  dy  at  spanwise  station  y due  to  a 
vortex  located  at  y as  shown  in  Figure  23  is: 

dL  - ^V2C,  a(y)c(y)dy  (32) 

La3-D 


where  Ci  is  the  wing  section  lift  curve  slope,  Ci  , corrected 
a3-D  a2-D 

for  sweepback  X and  finite  aspect  ratio  PR  : 


C, 


# cosxC, 


3-D 


'a2-D 


/R 


~ rcU„  „ COS  XT  2 ' C| 

1 ^ -f*  0 

n4R  J it 


cos?' 


(33) 


Equation  (33)  is  from  Reference  38. 


Here,  Ci  can  be  taken  to 
L 2-D 


be  5.73  per  radian.  This  equation  for  the  lift  curve  slope  provides  a 
smooth  and  continuous  function  fromvR>,/2  at  low  aspect  ratios  to 

cLa,  /R/(C[_ao  + ttPR)  at  high  aspect  ratios  (See  Reference  28). 

2-D  2-D 

The  incremental  roll  moment  about  the  X body  axis  of  the  aircraft  is: 


Js/»V2SbdCl  = -ydL 


(34) 


where  the  direction  of  positive  roll  moment  is  indicated  in  Figure  23. 

Substituting  Equation  (32)  Into  Equation  (34)  to  obtain  the  roll 
moment  coefficient  yields: 


dCj 

3-D 


-a  ydy 


(35) 


when  it  is  assumed  that  the  wing  chord  e(y)  is  a constant  over  the  span. 

Using  small-angle  approximations,  the  angle  of  attack  induced  on  the 
wing  by  a vortex  located  at  y is: 


(36) 


a - ve/v 
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By  transforming  Equation  (30)  so  that  the  vortex  is  located  at  y: 

“‘Sv?/  <*-?>•  a-rc)<f<a*  rc)  (37) 

° = Sr  <y4 jl’  y>(y*rc)ory<(y-  rc) 

Substitution  Equation  (37)  into  Equation  (35)  and  forming  integrals 
produces : 

p y-r'c  7+rc  b/2 

MEi  = -f  ydy  - 1 „ J (y-y)ydy  - / ydy 

r„c,  -b/2  (y-y)  rc2y-rc  y+^r(y-7)  <38) 


0 «3-D 


c j ' c 


1 J J^-r 
y+rr(y-yT 


when  the  vortex  core  lies  completely  on  the  wing  such  that  ]2y/bl  < 


1 - 2rc/b.  Additionally: 


o y-'c  »/« 

>nVb*Ci  = - J ydy  - 1_,  / 
’0CL  -b/2  (y-y)  rc2  y-» 


(y-y)ydy 


when  the  vortex  core  is  at  the  wing  tip  or  when  (1  - 2r,/b)  £ /2y/trf  £ 
(142  rc/b).  Also: 

p b/2 

- - 1 J (y-7)ydy  (w) 

roCLa3  0 r-c2  -b/2 

when  the  wing  is  completely  immersed  in  the  vortex  core  or  /2j7‘/b I + 1 £ 
2rc/b.  Finally: 


2irVb  Ci  = _ ( ydy 

rocL„3.n  -b/2  Try! 


where  the  core  lies  outside  of  the  wing  with  l2y/bl>  1 + 2r Jb. 

V 

Integrating  these  equations  in  order  yields: 


2-rrVb  C,  = -1  + l^ln  (2y/b)+1  + 2,2rCv 

roCUon  2 b WTbpT  3VJ 


for  |2y/b|  < 1 - 2r  /b. 


• 


2wVbCi  = -1  + l,2£,ln  jH2y/b 
r0CL  2 2'  b • lirg'b 


<*3-0 


! 2Fc7b 


+ ^> 


1 - - + w-jJ 


6[2rJ7b)2  12(2^75)2  4 tX2?^7b72 


(43) 


for  (1  - 2rVb)  < \2y/b|  < (1  + 2r  /b) 


27tVbC, 
r ~Cj~ 

0 L«3-D 


3(IF^7b)i 


(44) 


when  |2y/b!  + 1 £2rc/b,  and: 


0 L«3-D 


+1 

[27/bFT 


(45) 


for  '2y/b!  > 1 + 2rc/b. 

Taking  the  core  radius  as  rc  = 2 ft,  the  last  term  of  Equation  (42) 
or  2/3(2rc/b)  becomes  2.6667/b.  It  is  noted  that  the  quantity  2.6667/b 
<<  1 when  the  span  of  the  encountering  aircraft  exceeds  25  feet,  which 
is  true  of  most  of  the  USAF  fleet  of  aircraft.  Thus,  Equation  (42)  or 
the  roll  moment  when  the  core  is  completely  on  the  wing  span,  becomes 
equivalent  to  Equation  (45),  the  roll  moment  when  the  core  lies  competely 
outside  of  the  wing  semi  span.  These  equations  are  recast  to  form: 


VdCt  = -1  + 1 r2y>. In  (27/b)+l I 
r0K]  2'  b ; (27/bM ! 


(46) 


K-j  is  a "calibrated-lift-curve  slope"  which  is  discussed  later  in  this 
section.  This  equation  is  seen  to  apply  for  any  small  vortex  core 
located  anywhere  except  very  close  to  the  wing  tips;  there.  Equation  (43) 
with  rc  = 2 ft  should  be  used  in  determining  the  roll  moment. 


Equation  146)  is  symmetrical  about  2y/b  = 0 and  is  plotted  and  tab- 
ulated in  figure  24.  Also  given  in  tabular  form  are  the  peak  values  of 
at  the  wing  tip  when  rc  = 2 was  substituted  in  Equation  (43).  Also 
indicated  is  an  approximate  straight-line  fit  of  this  recommended  function 
which  could  be  used  to  facilitate  programming  of  Cj  as  an  input  for 
computer  facilities.  The  airplane  is  subjected  to  a negative  roll  moment 
when  the  vortex  is  less  than  82%  of  the  wing  setnispan  and  a positive  roll 


moment  when 


2£ 

b 


> .82;  reference  is  also  made  to  the  discussions 


regarding  Figure  22. 
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The  function  is  given  by: 


K,  = C 


I - H K-* 
1 a3-D  f 


K,/2tt 


where  is  a factor  which  "corrects"  the  analytical  result  to  correspond 
to  a particular  observed  case.  The  function  Ki  is  given  in  Figure  25  and 
discussed  further  following  the  next  Equation  (48). 


If  the  aircraft  approaches  the  vortex  at  a small  angle  v to  its  axis, 
the  relative  lateral  velocity  of  the  vortex  is  V„  = Vy  where  we  have  taken 
a T of  0.1  radian  (5  or  6 degrees).  Thus  each  increment  of  2Ay/b  = .1,  in 
column  1 of  the  Table  in  Figure  24,  corresponds  to  a time  increment.  At,  of 

At  = K-  = _b_  (48) 

£ 2 V 

where  K2  = b/2 V.  The  elapsed  time  t can  then  be  generated  by  summing 
these  time  increments  as  shown  in  column  4 in  the  table. 


The  quantity  K]  in  Equation  (46)  still  remains  to  be  determined  prior 
to  implementing  the  math  model  for  an  encounter.  This  consists  of  deter- 
mining Kf,  since  is  given  in  Equation  (33),  As  noted  earlier, 

the  objective  of  this  overall  effort  is  to  develop  a simple  yet  realistic 
math  model  for  simulating  a vortex  encounter  when  a pilot  flies  "too 
close"  behind  a lead  aircraft.  The  T-38  accident  described  in  reference 
3 serves  as  an  excellent  example  of  such  a situation.  The  T-38  had 
closed  to  2-1/2  miles  behind  a stretched  C-130  when  the  encounter  occurred. 
An  analysis  of  this  accident  including  digital  computer  simulation  indi- 
cated that  the  aileron  authority  of  the  T-38  was  exceeded  by  more  than  100%. 


Since  all  data  relevant  to  this  accident  was  readily  available,  we 
decided  to  use  it  to  calibrate  the  math  model.  That  is,  engineering 
judgment  was  used  to  adjust  Ki  through  Kf  to  give  a realistic  simulation. 
The  result  of  this  adjustment  of  CLa  is  given  as  Ki  in  Figure  25,  based 
on  Equation  (33).  The  quantities  V,  b,  and  K]  as  used  in  Figure  24  are 
now  determinable.  The  vortex  strength,  To,  of  the  generator  aircraft  is 
found  from  Equation  (1). 


As  indicated  earlier,  the  function  shown  in  Figure  24  is  the  roll 
moment  when  rc  = 2 feet.  This  function  is  adequate  for  estimating 
encounters  close  in  behind  generating  airplanes.  However,  a 2-foot 
radius  would  overestimate  the  roll  moment  caused  by  the  wake  of  a heli- 
copter flying  at  the  same  airspeed  or  by  the  wake  of  an  airplane  signif- 
icantly greater  than  2.5  nautical  miles  ahead.  As  shown  in  Equations 
(11)  and  (26),  the  vortex  cores  behind  a large  helciopter  can  be  signif- 
icantly larger  than  2 feet,  and  the  core  size  behind  an  aircraft  increases 
with  time.  Thus,  Equations  (42)  through  (45)  are  recommended  for  use  if 
rc  is  significantly  larger  than  2.0. 

However,  a trainer  may  not  have  the  computer  storage  to  program  these 
equations  due  to  computer  requirements  for  modelling  the  simulated 
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aircraft.  Here,  an  attenuation  factor,  K3,  as  developed  below  is  sug- 
gested as  a "fudge  factor"  alternative;  it  is  used  to  modify  Equation 
(46)  to  allow  for  an  increase  in  rc. 

Substituting  y = 0 into  Equation  (42)  and  using  Equation  (44)  yields: 


2Vb6. 

Wj-D 


‘"I 


-1  1 


r > b 

3(Ir^75r  C 2 


(49a) 


For  a small-core  vortex  on  the  airplane  centerline.  Figure  24  shows  that 
2 VbC^/FoCL^  is  -1.  Then  we  can  define  an  attenuation  factor,  K^,  as 

the  ratio  of  large-core  rolling  moment  to  small-core  rolling  moment. 

This  leads  to  expressions  which  can  be  used  as  a crude  engineering  approx- 
imation for  the  attenuation  in  roll  moment  or: 


k3  ■ 1 - |<*t> 


K,  = l,b_ 
J 3'2r 


■r 


r„  < b 
C ~2 


r > b 
c 2 


(49b) 


The  attenuation  factor  K3  is  shown  as  a function  of  2rc/b  in  Figure  26. 
Equation  (46)  is  multiplied  by  this  factor  to  account  for  roll  moment 
attentuation  as  a result  of  an  increase  in  vortical  core  size. 

Let  us  summarize  the  above  results.  The  equations  to  be  used  in 
simulating  an  encounter  where  the  core  size,  rc,  is  a variable  are: 


Vb  C.  =-l  + l/2j/\ln 

r0V  2 b 


+ 1 


2y/b)  - 1 


+ 


(50a) 


for  | 2y/b|  < 1 - 2rc/b, 


Vb1?  1 = -J[  + l/2yjn 

r K,  2 2'  b 

0 1 


l+2.y/b 


2rc/b 


+ H2r  /b) 
3 


(50b) 


1 

6(2rc/bT 


- 1 


12  (2r 


b)  2 + .Iff/M  f,  1 -17 

7b)  4 M2r  /b)2  J 


for  (1  - 2rc/b)  £ |2y/b|  £ (I  + 2rc/b), 


when  |27/b| 


VbCi  = ~ 1 - - o 

Vi 

+ 1 1 2rc/b, 


(50c) 
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Figure  26.  The  Variation  of  Attenuation  Factor  K.  with  Ci 


(50d) 


VbCi  = -1  + lf2^\ln 

r K,  2vb  ' 

o 1 


T2^Fpr 


when  |2y/b|  > 1 + 2rc/b.  The  quantity  Kj  is  given  in  Figure  25  and  r0 
by  Equation  (1 ) . 


The  equations  reconrended  for  indoctrinational  use  on  USAF  trainers 
for  simulating  trail  formation  and  terminal  area  operations  where  one 
aircraft  follows  another  is  obtained  by  letting  rc  = 2 ft.  The  result  is: 


VbC,  = -1  + 

Vl 


1(21)1" 
2l  b ; 


1 

1+1 

1 

!27/b! 

1-1 

(51) 


where  this  function  is  shown  in  Figure  24.  Again  V,  b,  r0,  and  K]  are 
known  quantities. 


Equation  (51)  can  be  modified  to  allow  for  an  increase  in  core  size, 
rc,  by  using  the  attenuation  factor  K3;  that  is: 


VbCi 

rrtK,K, 
0 1 3 


= -1 


+ 1/2^10 
2'  b ‘ 


(2y/b)-l 


(52) 


where  extensive  use  is  made  of  the  function  given  in  Figure  24.  However, 
it  is  recommended  that  Equations  (50)  be  used  if  there  is  a need  for  a 
variable  rc  as  an  input  to  the  simulation. 


3.  Parameters  of  USAF  Aircraft 


An  effort  to  categorize  airplanes  in  terms  of  vortex  generating  air- 
craft and  encountering  aircraft  is  summarized  in  Tables  1 and  2.  The 
geometrical  parameters  needed  for  tracking  the  vortices  behind  these 
aircraft  and  for  determining  core  size  are  presented  in  Table  1.  The 
stall  velocity,  Vs,  is  the  minimum  obtainable  speed  while  flying  at 
maximum  landing  weight.  Table  2 presents  these  aircraft  as  categorized 
from  3 to  10  as  generators.  Category  10  contains  the  heaviest  of  USAF 
transports  or  air  carriers,  which  are  most  dangerous  to  other  following 
aircraft;  while  category  3 contains  the  smallest  airplanes  within  the 
USAF  fleet.  Excluded  are  the  Remotely  Piloted  Vehicles  (RPVs)  or 
unmanned  aircraft,  since  these"  vehicles  generally  are  small  and  do  not 
operate  in  the  terminal  environment  near  an  airfield.  The  circulation, 
r0,  for  each  airplane  was  determined  by  considering  its  landing  speed 
to  be  1.2  Vsjali, » while  the  weight  was  taken  as  85  percent  of  the  landing 
gear  placard  weight.  A mean  average  r0  was  then  formed  for  aircraft  in 
each  category.  It  is  assumed  that  this  r0  is  applicable  for  normal 
ascent  and  descent  at  sea  level  standard  during  terminal  area  operation. 

Army  helicopters  that  may  operate  from  the  same  field  as  USAF  air- 
planes are  categorized  in  Table  3;  also  listed  are  some  commercial 
helicopters  that  could  operate  in  joint  FAA-USAF  airspace  such  as 
Kirtland  AFB  or  in  adjacent  FAA-USAF  airspace  such  as  Wright-Patterson 
AFB.  These  helicopters  are  categorized  from  5 to  9 as  generators. 
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TABLE  1 USAF  AIRPLANE  CONFIGURATIONS 


mi 


b( ft ) IV  (fps)  S(ft2) 
t s 


I hewb  mm?  tmm  pm  fl#4i ji  i 


C-7A 

28,50 

C-9A 

yy.oo 

C-10A 

14,50 

C-54G 


C-97G 


C-118A 


159,003  141.2 


117.5 


C-121G  122, OOd  123.0 


C-123B  58,80 


C-123K 


70  'X 


175.5 


142.0 


178.0 


153.2  I 1 ,463. 


158.5  1,447. 


162.7  1,650. 


X(deg) 


-3.0 

«nawa 

1 10.00 

0.0 

9.44 

0.0 

11.50 

BB 

9.44 

0.0 

8. 25 

4.0 

9.17 

HltfikiJ  Ucilkl  ■ WRM  KR9I 


C-130B  h35,0Qd  132.6  I 16 


C-130P  130,00(1  132.6  172.7 


C-131E  | 50,67q  105.3  | 141.8 


VC-137C 


B-52H 

450.00C 

185.0 

258.3 

B-57E 

HIT!!!! 

64.0 

184.1 

B-58A 

95 , OOC 

56,8 

250.0 

B-70A 

296, 30C 

105.0 

184.0 

8.55 

35.0  1 

4.27 

HEK9 

2.10 

51.5 

2.00 

58.0 

TABLE  1 USAF  AIRPLANE  CONFIGURATIONS  (CONI' D) 


b(ft)  Vs(fps|  S(ft2) 


BWfftl  KCTCT  Klfflvi  ar.-WdH  BcHSMI- 


A-7D 

28.850 

38.7 

254.5 

A-26A 

36.380 

71.5 

168.0 

A-37B 

14.000 

38.4 

178.0 

A- 10 

30,000 

57.6 

202.0 

4.00 

35.0 

9.00 

0.0 

8.02 

0.0 

6.54 

0.0 

KC-135A 

1230.0001 

130.8 

228.0 

2433.0 

7.10 

35.0 

F-5E 

21 .818 

28.0 

F-86H 

24,296! 

39.1 

Enm 

38.8 

F-101C 

44,000 

39.7 

F-102A 

38.230 

38.1 

F-lo4G 

17,200 

21.94 

F-105G 

51,727 

34.9 

F-106B 

36,834 

38.3 

F-111A 

72.000 

111891 

F-16 

20,000 

29.2  1 

MUKfcIiHil 


266.9 | 186.0  I 3.82  I 24.0 


222.0  313.4 


266.5  400.2 


3(71.0  368.0 


238. 


327.51  196.1 


321.8  385.0 


253.7  697.8 


248.0 


210.0  283 
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CATEGORIZED  AS  GENERATORS 
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TABLE  3 USA  SINGLE-ROTOR  HELICOPTERS  AS  GENERATORS 


CAT. 

COMPANY 

DESIGNATE 

W 

ILB.  ) 

ROTOR  DIA 
2R 
(FT) 

1 0 

(FT2/.SEC) 

CATEGORY 

AVERAGE 

FOR  Pn  & 2R 

9 

SIKORSKY 

CH53E 

60,000 

79 

4013 

T0  = 3396 

9 

SIKORSKY 

HH-53B/C 

38,000 

72.25 

2779 

2R  = 75.6 

6 

SIKORSKY 

S-61A.B.C 

S-61L.N.R 

20  ,000 

62 

1704 

1 ■ 

6 

SIKORSKY 

YUH-60A 

20,000 

53.67 

1969 

6 .. 

SIKORSKY 

S- 72 

20  ,000 

62 

1704 

'.0  ■ 16W 

6 

SIKORSKY 

YUH-60A 

UTTAS 

15.000 

53  . 

1495 

2R  = 54.9 

6 

HILLER 

YAH-64 

14,000 

48 

1541 

fc. 

BELL 

214A,B,C 

14,000 

50 

1479 

5 

SIKORSKY 

S-58T 

10,000 

55 

943 

. 5 

KAMAN 

UH-2  ,HH-2 
SH-2 

1Q.Q0Q 

44 

.1200.  . 

6 

...SIKORSKY 

...  S- 76 

9.000 

44 

1081 
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Category  9 reflects  the  heaviest  helicopters,  which  are  most  dangerous, 
while  category  5 contains  the  10,000  lb  variety.  Helicopters  lighter 
than  10,000  lbs  were  not  included  ip.  this  list.  The  circulation  strength, 
r o > for  each  helicopter  was  determined  by  considering  straight  and  level 
flight  Vp  of  60  knots.  A mean  average  for  r0  and  2R  was  then  formed  to 
represent  the  helicopters  in  a particular  category. 

The  category  number  assigned  to  the  helicopters  parallels  those 
assigned  to  the  aircraft  categories  given  in  Table  2;  that  is,  the  mean 
average  To  of  the  category  9 helicopter  (r0  = 3396)  is  approximately 
equal  to  the  mean  average  r0  of  the  category  9 aircraft  (r0  = 3480)  and 
so  on.  It  can  be  seen  that  the  wake  behind  the  CH53E  and  HH-53  can  be 
as  hazardous  to  other  aircraft  as  the  C-141  and  B- 52  when  r0  averages 
alone  are  being  considered.  The  Boeing  Vertol  helicopters  such  as  the 
CH-47  and  CH-47A/B  have  not  been  included  in  this  list.  The  Boeing  pro- 
ducts are  tandem  helicopters;  the  analysis  developed  in  Section  2 is 
only  applicable  to  single-rotor  configurations.  An  analysis  applicable 
to  tandem  or  co-axial  twin  rotors  was  beyond  the  scope  of  this  study. 

Additionally,  V/ST0L  configurations  such  as  the  tilt-rotor  under 
development  by  the  Army  at  Moffett  field  are  not  listed;  these  vehicles 
are  not  a part  of  the  inventory  and  would  not  be  a part  of  joint  Army/ 

IJSAF  operations  in  the  immediate  future.  Navy  V/ST0L  configurations 
have  not  been  included  as  these  are  designed  primarily  for  ship-board 
use,  and  so  would  not  impact  USAF  operations. 

4.  Encounter  Model  Implementation  (T-3B  Simulator) 

The  encounter  model  as  developed  for  a T-38  simulator  is  discussed 
here  to  illustrate  the  step-by-step  computations  involved.  The  formu- 
lations as  developed  in  this  section  are  valid  for  simulating  encounters 
from  2-1/2  miles  behind  the  generating  aircraft  up  to  the  vortical  roll- 
up region  just  behind  the  generator;  that  is,  the  function  K3  was  taken 
to  be  1.0. 


The  aspect  ratio,  /R  , and  span,  b,  for  the  T-38  are  given  in  Table 
1;  these  parameters  and  V are  also  shown  in  Figure  27,  The  time  incre 
ment  Kg  of  Equation  (51)  is  then; 


K?  = b/2V 

- .04208  sec. 


(53) 


3 

The  T-38  accident  discussed  previously  was  selected  for  simulation 
on  the  T-38  flight  simulator;  the  generating  aircraft  was  the  C-130 
transport.  From  Table  2,  the  C-130  is  a category  7 configuration  with 
a circulation  of; 


r = 2250  ft2/sec 


(54) 
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The  function  K-,  for  the  T-38  is  now  determined;  with  the  wing  sweep 
angle  x and  aspect  ratio  given  in  Table  1 . Fiaure  25  is  used  to  obtain: 


K}  = .139  \ (55) 

The  function  roK-|/Vb  is  then  formed: 

T K, 

= .0413  (56) 

Reference  is  now  made  to  the  tables  given  in  Figure  24  and  in  Hy- 

ure  27.  It  is  noted  that  the  columns  of  the  table  in  Figure  24  are 

numbered  from  1 through  4.  The  table  in  Figure  27  serves  as  a contin- 

uation of  that  table.  The  T-38  encounter  model  is  now  developed;  that 
is:  (1)  form  coluirrs  6,  7,  10  and  11  by  multiplying  columns  2 & 3 by 

r0Kj/Vb,  (2)  form  columns  8 and  10  by  summing  the  At  time  increments  as 

indicated  in  column  4. 


The  T-38  encounter  model  developed  in  tabular  form  in  Figure  27 
is  shown  in  Figure  28.  For  implementation  on  a simulator,  it  is  recom- 
to  use  that  the  straight-line  approximation  for  Cj.  That  is, 
the  part  of  the  Cj  function  between  t = 0 and  t = .21  could  be  generated 
by  an  integrator  with  a negative  gain  constant.  A switch  to  a positive 
gain  constant  could  then  be  used  to  generate  C*  between  t = .21  and 
t = .54  seconds.  The  "plateau"  portion  of  C*  could  be  generated  by 
"clipping"  the  generated  signal  function,  and  so  on.  For  that  matter, 
the  Cj  function  could  be  generated  by  means  of  a short  digital  computer 
subroutine  if  a digital  computer  is  available  as  part  of  the  T-38  facility. 

In  the  equations  of  motion  on  the  simulator,  the  roll  equation  of 
motion  is: 


lpV2SbC}  = IyyP  - 
2 'AERO 


IXZR  + QR(IZZ  - IyY)  - IXZPQ  (57) 


where  Cj  includes  the  aerodynamic  roll  contributions  of  control 

deflection,  roll  find  yaw  rates,  etc.  Adding  the  rolling  moment  from  the 
vortex  gives: 

lyOV2Sb(C 2 A£:R0  + c?)  = IXXP  - IXZR  + QR(IZZ  - IYY) 

4 - IXZPQ  (58) 


where  is  the  function  shown  in  Figure  28,  which  is  switched  on  by 
the  operator  at  the  controls  of  the  simulator. 

The  C,  function  given  in  Figure  28  reflects  a T-38  encounter  from 
the  right'with  the  right  wing  vortex  behind  a C-130.  By  just  reversing 
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RIGHT  WING  VORTEX  • T-38  LESS  THAN  2.5  MILES  B 
ENCOUNTER  • V = 178  KT 


Figure  28.  Recommanded  Encounter  Model  for  T-38  Simulators 


the  sign  of  the  encounter  math  model,  the  opposite  direction  or  C-130 
vortex  can  be  presented. 


Now,  it  is  recommended  that  a T-38  simulator,  or  a category  4 air- 
craft, be  equipped  with  at  least  three  constant  vortex  intensities  (r0) 
reflecting  aircraft  in  categories  9,  7,  and  4 (see  Table  2)  and  at  least 
one  variable  r0  to  reflect  air  combat.  The  category  9 and  7 encounter 
models  would  educate  the  pilot  on  the  vortex  hazard  behind  "heavy"  and 
"less-than-heavy"  transports  during  normal  landings  and  take-off,  while 
the  category  4 encounter  model  would  familiarize  the  pilot  with  the 
hazard  during  formation  flight.  For  air  combat, variations  in  speed,  p, 
and  normal  load  factor,  n,  should  be  provided,  to  reflect  the  maneuvers 
of  the  two  aircraft.  A fifth  encounter  model  could  be  that  for  a typical 
helicopter  wake  as  given  in  Table  3. 

Separate  subroutines  need  not  be  prepared  and  programmed  in  detail 
for  the  first  three  encounter  models.  These  can  be  a part  of  one  sub- 
routine; the  T-38  is  used  again  to  indicate  how  this  can  be  accomplished. 

Detailed  programming  is  required  for  one  encounter;  say  the  aircraft 
of  the  same  type  are  in  formation  flight.  In  the  case  of  the  T-38  this 
means  that  the  encounter  model  should  reflect  a generator  aircraft  of 
the  type  found  in  category  4 of  Table  2 where: 


r0  = 803 


(59) 


The  steps  given  in  the  previous  section  are  then  followed  to  produce: 

(60) 


C* 


CATEGORY  4 


The  other  models  for  landing  approach  are  then  ratioed  by  the  circulation 
strengths  of  category  7 and  9 type  aircraft.  That  is,  the  circulation 
strength  of  category  7 aircraft  is  from  Table  2. 


rQ  = 2250 

The  encounter  model  reflecting  category  7 as  generators  is  then: 


(61) 


Cj  = 2250  C? 


803 


CATEGORY  4 


(62) 


Similarly,  the  encounter  model  reflecting  category  9 type  generators  is: 


= 3480  c2 

803  CATEGORY  4 


(63) 


The  latter  two  models  are  achieved  by  a change  in  a multiplying  constant. 
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5.  Examples  of  Simulation  Use 

A T-38  incident  occurred  in  late  April  1975  during  formation  flight. 
The  wing  man  encountered  the  right  wing  vortex  from  the  lead  aircraft. 

As  a result,  the  affected  aircraft  rolled  left-wing-down  to  a near  wings- 
level  inverted  attitude;  contact  was  made  between  the  wing  man's  pitot 
static  tube  and  the  right  stabilizer  of  the  lead  aircraft.  In  light  of 
this  incident  and  the  T-38  accident  presented  in  Reference  3,  an  analysis 
was  made  to  assess  the  roll  power  capability  of  the  T-38  when  encountering 
the  vortices  generated  behind  all  aircraft  given  in  Table  2;  the  results 
are  shown  in  Figure  29.  The  vertical  axis  is  the  calculated  maximum 
roll  moment  induced  by  the  vortex,  divided  by  the  aileron  authority  avail- 
able. When  this  ratio  is  unity,  the  aircraft  would  be  capable  of  main- 
taining wings  level  if  the  pilot  and  control  system  could  respond  instan- 
taneously. The  horizontal  axis  is  the  category  of  aircraft,  from  the 
"heavy"  or  category  10  containing  the  C-5  to  our  lightest  aircraft  in 
category  3. 

It  is  seen  that  the  aileron  authority  of  the  T-38  is  exceeded  by  a 
factor  of  7 when  encountering  the  wake  turbulence  behind  the  C-5.  It 
is  also  seen  that  approximately  70  percent  of  the  aileron  authority  is 
required  to  counteract  the  vorticity  field  behind  another  T-38.  Now, 
an  actual  encounter  is  a dynamic  situation  wherein  the  aircraft  is  per- 
turbed quickly  from  its  flight  path;  the  pilot  lags  the  motion,  and 
the  control  system  has  maximum  deflection  and  rate  limitations  in  addi- 
tion to  time  lags.  With  almost  70  percent  of  the  aileron  authority 
required,  it  is  very  conceivable  that  a T-38  could  be  inverted  before 
a pilot  regained  control  of  his  aircraft  upon  encountering  the  wake 
of  another  T-38  in  1-g  flight. 

Clearly,  the  David  and  Goliath  syndrome  as  described  in  Section  1.2 
must  be  dispelled.  A means  of  doing  this  is  through  pilot  education 
during  training  sessions  on  the  simulators.  That  is,  pilots  would  be 
trained  on  the  simulator  and  then  briefed  on  past  incidents  and  accidents 
that  have  occurred  during  formation  flight. 

It  is  recommended  that  Table  4 be  consulted  when  selecting  encounter 
models  for  a simulator.  The  column  titled  SIMULATOR  A/C  CATEGORY  reflects 
the  aircraft  simulated  at  a facility;  the  aircraft  listed  in  each  category 
are  given  in  Table  2.  The  column  titled  GENERATOR  A/C  CATEGORY  reflects 
the  aircraft  generating  the  vorticity  field  during  the  encounter  where 
the  aircraft  and  their  circulation  strength  are  listed  in  Table  2.  The 
final  column  indicates  tha  type  of  USAF  operation  where  the  encounter 
might  take  place. 

It  is  noted  that  Table  4 does  not  include  air  combat.  The  lead  air- 
craft is  maneuvering  so  its  r0  becomes  variable  through  variations  in 
n,  Vp,  and  p through  altitude  changes  (Equation  (la)).  Additionally,  K2 
in  Equation  (48)  is  varying  through  changes  in  V of  the  trail  aircraft 
(see  Table  in  Figure  24). 
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SECTION  IV 


WAKE  ENCOUNTERS  ANALYZED 


The  T-38  incident  discussed  previously,  wherein  a wing  man  encountered 
the  right  wing  vortex  of  a lead  ‘r-38,  is  also  of  interest  from  another 
aspect.  That  is,  some  pilots  ma  not  realise  that  a T-38  during  pullup 
can  trail  a wake  that  is  as  hazardous  as  that  behind  an  F-4,  F-lll,  or 
C-130  during  landing;  the  effects  of  these  wakes  upon  the  T-38  can  be 
substantial  even  at  speeds  much  higher  than  the  approach  speed.  Further 
discussion  is  warranted. 


Figure  30  illustrates  this  example.  It  is  assumed  that  the  lead 
T-38  initiates  a steady  pullup  or  turn  as  shown.  The  lift  coefficient 
necessary  in  this  maneuver  is  given  by; 


C 


L 


= nW 
2 


(64) 


Let  the  trail  T-38  encounter  the  vortical  wake  of  the  lead  T-38 
after  the  vorticity  rollup  is  complete,  as  shown  in  Figure  30.  Both 
aircraft  are  flying  at  the  same  speed;  the  circulation  strength,  r0, 
of  the  vortex  encountered  can  be  determined  from  Equation  (la). 


The  circulation  strength  r0  behind  the  lead  T-38  at  sea  level  in  a 
pullup  or  turn  of  n g's  is  shown  in  Figure  31;  the  stall  limit,  is  based 
on  landing  approach  data  given  in  Reference  9 and  on  Equation  (64). 

The  horizontal  axis  in  Figure  31  reflects  the  g's  sustained  by  the  lead 
T-38.  The  results  suggest  that  a T-38  in  a 7'g  pullup  at  400  knots 
trails  a wake  equivalent  to  that  of  a category  7 generator  in  landing 
approach  as  described  in  Table  2;  the  category  7 generator  airplanes 
include  the  C-124,  C-130,  B-50,  and  C-97  cargo  and  bomber  type  USAF  con- 
figurations. The  situation  becomes  even  worse  at  altitude.  It  is  seen 
from  Equation  (la)  that  ro  is  inversely  proportional  to  density  so  that; 


r„  = dSEA  level 

0 ALTITUDE  pALTITUDE 


IqSEA  LEVEL 


(65) 


The  circulation  strength,  r0,  shown  in  Figure  31  increases  as  the 
density  ratio  increases  with  altitude. 


This  wake  can  have  a significant  impact  upon  the  roll  of  the  fol- 
lowing T-38  as  shown  in  Figure  32.  The  analysis  presented  in  section 
3.2  determines  the  maximum  roll  moment  exerted  on  the  following  T-38 
when  it  is  located  at  the  center  of  the  vortex  behind  the  lead  T-38. 
The  results  are  presented  as  a function  of  speed  in  knots  of  both  air- 
craft and  as  a function  of  the  g's  initiated  and  maintained  by  the 
lead  T-38. 


Now,  the  aileron  authority  available  on  an  aircraft  increases  with 
dynamic  pressure,  1/2pV2.  Additionally,  the  circulation  strength,  r0, 
trailed  behind  an  aircraft  decreases  with  forward  speed  as  seen  in  Equa 
tion  (la).  These  factors  may  lead  to  the  belief  on  the  part  of  some 
pilots  that  a formation  flight  or  air  combat  encounter  at  high  speeds 
may  not  be  too  severe. 
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Figure  30.  Schematic  for  Two  T-38's  in  Trail  Formation 


That  is  not  necessarily  so,  from  the  results  given  in  Figure  32  because 
the  capability  of  the  lead  T-38  has  a significant  impact  upon  the  results. 
For  example,  a lead  T-38  at  6g's  at  77b  knots  can  create  vorticies  that 
would  require  the  pilot  of  the  encountering  T-38  to  use  90Z  of  hit, 
aileron  authority  to  maintain  wings  level.  It  is  no  wonder  that  one  T-38 
can  invert  another  T-38  during  formation  flight.  An  actual  encounter  is 
a dynamic  situation  in  which  the  pilot  must  act  very  quickly  to  maintain 
wings  level.  ' The  inevitable  time  lags  on  the  part  of  the  pilot,  and  in 
the  response  of  the  control  system  can  cause  a break  in  formation,  roll 
while  falling  out  of  the  vortex,  and  loss  of  altitude  before  regaining 
control.  It  is  important,  then,  that  formation-flight  maneuvers, 
especially  where  air  combat  is  involved,  be  performed  with  sufficient 
altitude  so  that  safe  recovery  can  always  be  made.  The  situation  is 
even  worse  at  altitude  since  the  roll  moment  ratio  increases  as  the 
•density  ratio  is  increased. 

USAF  operations  require  that  some  formation  maneuvers  be  practiced 
at  unsafe  altituues  for  wake  encounters;  an  example  of  this  is  tactical 
weapon  delivery  Here  the  formation  approaches  the  target  at  low  level 
at  approximately  400  knots.  A steep  climb  is  then  initiated  to  approx- 
imately 8000  feet  followed  by  a steep  descent  of  approximately  30  degrees 
towards  the  target.  The  bombs  are  releasea  at  approximately  3500  feet 
above  ground  level,  and  all  aircraft  pull  up  to  level  flight  at  approxi- 
mately 1500  feet  altitude. 

Consider  the  F-104  with  the  characteristics  shown  in  Figure  33; 
Equations  (64)  and  (la)  produced  the  results  shown  in  Figure  34.  It 
is  seen  that  the  impact  of  the  wake  behind  a lead  F-104  pulling  4.5  g’s 
at  400  knots  is  equivalent  to  that  behind  a category  8 generator  given 
in  Table  2;  this  cateory  includes  the  C-135  weighing  over  200,000  lbs, 
according  to  the  data  given  in  Table  1. 

The  aileron  authority  needed  to  control  the  wing  man's  aircraft 
while  encountering  the  vortical  wake  behind  the  lead  F-104  is  shown  in 
Figure  35.  At  400  knots  with  a pullup  of  4 g's,  the  aileron  authority 
is  exceeded  if  the  trailing  F-104  passes  through  the  center  of  the 
vortex  behind  the  lead.  Now,  the  amount  of  roll  energy  affectingthe 
perturbed  aircraft  is  a function  of  the  length  of  time  that  the  air- 
craft remains  within  the  vortex  and  the  angle  of  intersection  between 
the  vortical-core  axis  and  the  X axis  of  the  aircraft.  The  amount  of 
time  spent  within  the  core  dictates  the  severity  of  the  encounter. 

Refrrence  is  now  made  to  the  results  snown  in  Figure  24.  Maximum 
roll  moment  ’s  induced  when  the  affected  aircraft  is  at  the  center  of 
the  trailed  vortex  (i.e.,  Vb  Ci  = -1.0  when  2y/b  = 0).  This  induced 

roKi 

roll  moment  reduces  rapidly  with  separation  between  aircraft  and  vortex 
core:  for  exam:  3 the  quantity  Vb  C)  becomes  .19  when  2y/b  equals  1.6. 
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Of  importance  to  any  formation  maneuver,  then,  is  that 
sufficient  spacing  between  the  aircraft  must  be  maintained  throughout 
the  maneuver.  A break  in  the  formation  due  to  a vortical  wake  encounter 
is  most  likely  if  the  wing  man  becomes  careless  and  slips  through  the 
vortical  core  of  the  wake  behind  the  lead  aircraft. 

The  whole  wake-vortex  problem  (Reference  29)  received  dramatic  empha- 
sis from  the  crash  of  a T-38  which  ended  in  two  fatalities  and  the  loss 
of  the  aircraft  (see  Figure  J6).  This  accident  should  serve  as  an 
example  to  all  USAF  pilots  of  the  deadly  swiftness  of  events  possible  when 
a trainer  or  fighter-type  aircraft  encounters  this  hazard  during  landing 
approach.  A reconstruction  of  the  accident  is  given  in  Figure  36;  it 
is  emphasized  that  the  T-38  crashed  approximately  5 seconds  after  the 
encounter  with  the  vortical -wake  hazard. 

The  sequence  of  events  leading  to  this  crash  was  as  follows,  according 
to  the  findings  of  investigators  and  the  results  from  a digital  computer 
simulation^  of  the  fateful  flight.  The  T-38  was  performing  an  approach 
prior  to  landing  behind  a stretched  C-130  transport.  Although  the  T-38 
pilot  and  air  traffic  control  personnel  were  operating  within  all  appli- 
cable directives,  the  T-38  closed  to  approximately  one  minute  behind  the 
transport.  Then  (t  = 0 in  Figure  36),  the  T-38  was  approximately  2-1/2 
miles  from  touchdown  when  it  penetrated  the  right-wing  vortex  trailed 
behind  the  C-130. 

One  second  later  (t  = 1.0),  the  T-38  was  banked  left-wing-down  to  an 
angle  greater  than  90  degrees,  despite  the  efforts  of  the  pilot.  This 
was  followed  by  a rapid  decrease  in  altitude  as  the  pilot  attempted  to 
regain  a wings-level  attitude;  the  aircraft  crashed. 

3 

Analysis  indicated  that  the  roll  moment  exerted  by  the  vorticity 
field  of  the  C-130  exceeded  the  aileron  authority  of  the  T-38  by  at 
least  100%;  reference  is  also  made  to  Figure  29.  There  was  no  way  to 
keep  the  T-38  wings-level  following  this  encounter.  Neither  the  pilot(s) 
nor  control  tower  personnel  were  aware  of  the  severity  of  the  situation. 
Present  air  traffic  control  directives  provide  increased  separation  to 
certain  fighter  ard  trainer  aircraft  when  an  approach  is  made  behind  a 
"heavy"  aircraft;  by  definition,  a "heavy"  aircraft  is  one  that  weighs 
over  300,000  pounds.  Some  pilots  may  harbor  the  incorrect  belief  that 
an  approach  made  behijid  a stretched  C-130  (130,000  lbs.)  is  relatively 
"safe". 

Now,  this  accident  is  illustrative  of  a definite  problem  in  landing 
procedures.  The  separation  distance  between  the  T-38  (V  = 180  knts)  and 
the  stretched  C-130  (V  = 110  knts)  was  approximately  5 nautical  miles 
when  the  T-38  entered  the  landing  pattern.  The  T-38  closed  to  approxi- 
mately 2 nautical  miles  behind  the  C-130  where  the  wake  encounter 
occurred.  The  closing  rate  between  fast  fighters  behind  slow  transports 
must  be  considered  with  care  during  landing  approach. 

As  indicated  earlier,  USAF  operations  do  involve  mixed  operations 
in  terminal  areas  where  Army  helicopters  and  USAF  attack  aircraft 
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operate  in  close  proximity  from  the  same  field.  An  example  of  such 
operations  is  Nellis  AFB,  where  one  mix  consists  of  A-10  aircraft  and 
HH-53  helicopters;  reference  is  made  to  Tables  2 and  3 for  airplane 
and  helicopter  characteristics  as  a vortical-wake  generator. 

The  analysis  presented  in  Section  2.5,  for  tracking  the  wake  loca- 
tion behind  the  HH-53  helicopter,  was  used  in  defining  the  wake  con- 
taminated airspace  shown  in  Figure  37.  The  NASA,  FAA,  and  DOT  Trans- 
portation system  Center  (TSC)  programs  indicated  that  the  vortices  behind 
aircraft  usually  do  not  persist  for  more  than  4.0  minutes.  It  can  be 
argued  that  the  vortices  break  up  sooner  behind  helic'  . rs  than  they  do 
behind  airplanes  since:  (1)  their  core  sizes  are  lan  , and  (2)  the 
turbulence  generated  immediately  below  the  rotor  disk  plane  by  the  rotor 
blades  should  hasten  vortical  decay.  Therefore  it  is  felt  that  the  HH-53 
vortical  wake  to  the  right  of  the  2.0-minute  boundary  shown  in  Figure  37 
has  probably  been  broken  up  bv  atmospheric  means.  The  uncertain  airspace 
region  is  in  between  the  1.5  and  ?. 0-minute  boundary  lines.  It  is  possible 
that  the  vortical  wake  is  broken  here,  based  upon  the  comments  of  the 
pilots  that  participated  in  the  flight  test  documented  in  Reference  37. 

It  is  felt,  however,  that  a thorough  analysis  of  helicopter  flight  tests 
more  recent  than  that  of  Reference  37  should  be  made  before  commenting 
about  this  any  further.. 

The  results  in  Figure  37  suggests  that  the  A-10  should  operate  no 
closer  than  2 minutes  behind  a HH-53,  and  no  closer  than  6 radii  or 
approximately  220  feet  below  the  helicopter,  for  Vp  in  excess  of  45  knots. 
It  is  also  recommended  that  the  A-10  never  pass  below  a HH-53  when  it  is 
between  hovering  flight  and  a forward  speed  of  45  knots.  The  possibility 
exists  that  the  operations  at  Nellis,  if  affected  by  helicopter  wakes 
could  be  so  arranged  so  that  the  contaminated  airspace  shown  in  Figure 
37  never  impacts  the  glide  path  of  an  A-10  in  landing  approach  or  take- 
off. This  would  mean  conducting  the  helicopter  operations  either  below 
the  glide  path  of  the  A-10  or  downwind  from  the  runway  so  as  not  to 
impact  the  A-10  sortie  rate. 

A further  example  regarding  the  HH-53  and  the  A-10  assumes  that  the 
HH-53  flies  at  an  altitude  of  100  feet  directly  above  a runway  prior  to 
slowing  down  and  descending  off  to  the  side  of  the  runway.  The  flight 
speed  of  the  HH-53  is  taken  to  be  Vp  - 60  knots  while  over  the  runway 
and  while  generating  a wake  that  could  be  potentially  dangerous  to  a 
following  A-10. 

Again,  the  equations  given  in  Section  2 were  used  to  track  the 
vortices  trailed  behind  the  HH-53;  the  results  are  shown  in  Figure  3C 
for  sidewind,  Vs,  of  0.  It  is  seen  that  the  vortices  descend  and  level 
off  parallel  to  the  runway  at  an  altitude  of  .8R,  at  a distance  85R  aft 
of  the  HH-53  helicopter.  At  this  point  above  the  runway,  the  vortices 
spread  apart  with  the  vortex  cores  travelling  sideways  at  the  rate  of 
7.7  fps  parallel  to  the  ground. 

One  minute  behind  the  helicopter,  the  vortices  are  at  least  10. 8R 
apart.  An  A-10  performing  a landing  at  this  time  between  the  vortices 
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Figure  37.  Contaminated 


DISTANCE  BEHIND  ROTOR,  X/R 


would  be  subjected  to  a down  gust,  Vrf,  of  from  3.5  to  4.5  fps  as  shown 
in  Figure  39.  It  is  felt  that  this  down  gust,  would  not  perturb  the 
A-10  significantly  from  its  glidepath.  Furthermore,  this  downgust 
decays  rapidly,  roughly  1 fps  at  2 minutes  behind  the  helicopter.  Also 
shown  in  this  figure  is  the  growth  of  the  vortex  core  behind  the  heli- 
copter as  a function  of  time.  At  1-1/2  minutes,  the  diameter  of  the 
core  is  approximately  equal  to  the  span  of  the  A-10.  At  2 minutes,  the 
estimate  for  the  core  diameter  is  approximately  1.2  times  the  wing  span. 

It  is  seen  that  an  A-10  can  land  approximately  1 minute  behind  an 
HH-53  if  the  landing  is  performed  between  these  vortices  as  they  spread 
out.  The  real  problem  occurs  if  there  is  a slight  side  wind,  Vs,  such 
that  one  of  these  vortices  becomes  stalled  over  the  runway.  For  example, 
the  vortices  shown  spreading  apart  in  Figure  38  travel  at  the  rate  of 
7.7  fps  parallel  to  the  ground.  A side  wind.  Vs,  of  7.7  fps  would  cause 
one  vortex  to  stall  over  the  runway  while  the  other  vortex  would  travel 
at  a rate  of  15.4  fps  away  from  the  runway.  An  A-10  performing  a landing 
then  could  penetrate  the  core  of  a vortex  trailed  behind  the  helicopter. 

The  hazard  involved  in  this  situation  is  illustrated  in  Figure  40. 

The  vertical  axis  is  the  roll  moment  induced  on  an  A-10  located  at  the 
center  of  a helicopter  vortex,  divided  by  the  total  A-10  aileron  control 
available.  The  horizontal  axis  displays  the  various  categories  of  heli- 
copters given  in  Table  3.  The  solid  lines  shown  in  this  figure 
reflect  the  roll  moment  induced  on  the  A-10  when  the  meanP0  of  each 
category  in  Table  3 was  considered;  the  curves  reflect  a vortex  age  t = 
X/Vr,  or  1/2  minute  and  2 minutes.  Also  shown  are  the  results 
of  the  CH-53E , HH-53A/6,  YUH-60A,  and  UH-1D  where  the  separation  distance 
behind  these  helicopters  is  1 minute. 

It  is  seen  that  the  roll  control  authority  of  the  A-10  is  exceeded 
if  it  lands  1 minute  behind  the  CH-53E.  Also  80%  of  the  A-10  aileron 
authority  is  needed  to  maintain  wings  level  when  landing  1 minute  behind 
an  HH-53A/B.  Of  interest  as  well  is  the  result  for  the  UH-iD.  This 
helicopter  weighs  only  9000  lbs  according  to  the  data  given  in  Table  3. 

It  certainly  cannot  be  categorized  as  a "heavy"  configuration,  and  some 
pilots  may  harbor  the  incorrect  belief  that  an  A-10  approach  behind  this 
helicopter  can  be  made  at  any  time.  Yet  it  is  seen  in  Figure  40  that 
an  A-10  pilot  would  require  the  use  of  30%  of  his  aileron  authority  to 
maintain  wings  level  while  landing  through  the  vortex  core  of  the  UH-ID 
1 minute  behind  the  helicopter. 
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Figure  40.  The  Effect  of  Helicopter  Vortical  Core  on  the  A-10 


SECTION  V 


VORTICAL  WAKE  EQUATIONS  SUMMARIZED 

An  assessment  of  when  wake  vorticity  is  a hazard  in  USAF  operations 
consists  of  three  steps  which  are:  (1)  determine  the  location,  strength, 
and  persistance  of  the  vortices  behind  a generating  airplane  or  heli- 
copter, (2)  determine  whether  another  aircraft  could  fly  into  these 
vortices  as  part  of  an  operation  being  assessed,  and  (3)  determine  the 
influence  of  the  vortical  wake  on  the  flight  path  of  the  encountering 
aircraft.  An  assessment  so  formed  should  indicate  whether  an  operation 
is  safe  or  not.  If  the  potential  for  wake-related  accidents  exists,  the 
recourse  is  either  to  accept  the  losses  as  part  of  normal  operating  pro- 
cedures. or  to  modify  the  operation  so  that  the  chances  for  an  encounter 
are  avoided. 


Now,  it  is  not  the  purpose  of  this  section  to  address  USAF  operation. 
Our  purpose  is  to  synopsize  the  relevant  equations  presented  earlier  so 
that  an  engineer  can  perform  the  necessary  assessments.  Reference  can 
be  made  to  section  2 through  4 when  further  details  are  needed. 

1.  Strength  and  Location  of  Airplane  Vortical  Wakes 

The  vortical  wake  structure  behind  an  airplane  is  shown  in  Figures 
1 and  3,  and  is  described  in  Section  2.1. 

The  vortical  wake  strength,  r0,  for  an  airplane  in  level  flight, 
or  in  steady  pullup  or  turn  is  given  by  Equations  (1)  which  are: 


r = 4nW 

0 TfpVpb 

when  flaps  and  landing  gear  are  retracted  and: 
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when  flaps  and  landing  gear  are  fully  extended.  Equation  (66)  is  applied 
to  aircraft  in  the  cruise  configu  rtion  and  to  fighters  in  formation 
flight,  trail  formation,  or  in  air  combat.  Equation  (67)  applies  to  all 
airplanes  in  landing  approach.  Reference  can  be  made  to  Table  1 if  the 
airplane  weight,  W,  or  the  wing  span,  b,  for  an  aircraft  are  not  readily 
at  hand.  Terminal  area  operations  can  be  evaluated  by  using  the  data 
given  in  Table  2;  here,  airplanes  of  the  USAF  fleet  have  been  categorized 
from  3 to  10  as  generators  in  straight  level  flight  at  low  speeds.  Cate- 
gory 10  contains  the  heaviest  of  USAF  transports  or  air  carriers,  which 
are  most  dangerous  to  other  following  aircraft,  while  category  3 contains 
the  smallest  airplanes  within  the  USAF  fleet.  Reference  is  made  to  Section 
3.3. 
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The  location  of  the  trailing  wake  behind  an  airplane  is  given  by  Equa- 
tions (2),  (3),  (4),  (5),  (7),  (8)  and  (9),  (also  see  Figure  3).  These 
equations  are  recast  to  give  the  wake  location  as: 
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for  the  effect  " out  of  ground"  or  well  above  a temperature  inversion 
layer  located  at  altitude  and: 
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where 


ygl  - + vstG 

YGr  - b>  + VstG  (70) 

tG  = M'(h  - Hinv  - b * /2 ) 

in  the  vicinity  of  the  ground  or  an  inversion  layer  where  the  subscript 
G refers  to  reaching  a height  of  b'/2  above  the  ground  or  inversion 
layer.  The  quantity  b'  in  Equations  (68)  through  (70)  is  given  by: 


b'  = ub  (71) 

4 

Equations  (68)  provide  the  "out  of  ground  effect"  location  of  the  vor- 
tices which  are  trailed  from  the  wing  tips  at  t = 0.  These  vortices 
slow  their  descent  as  they  approach  ground  until  they  level -off  at  an 
altitude  of  b'/2  above  ground  or  a temperature  inversion  layer. 


Equations  (68)  through  (70)  consist  of  an  analytical  expression  and 
an  error  band  reflecting  vagaries  caused  by  the  atmosphere;  these  are 
discussed  in  detail  in  Section  2.1.  The  above  equations  can  be  used  in 
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determining  the  strength  and  location  of  the  vortical  wake  behind  air- 
planes. 

2.  Strength  and  Location  of  Helicopter  Vortical  Wakes 

The  vortical  wake  structure  behind  a helicopter  is  shown  in  Figures 
2 and  10.  The  manner  in  which  the  vortex  sheath  distorts  below  the  rotor 
disk  plane  and  forms  the  two  vortices  starting  at  and  trailing  from 
approximately  1.5  radii  aft  of  the  rotor  is  discussed  in  Section  2.4. 

The  vortical  wake  strength,  r0,  and  the  downwash  velocity  normal  to 
the  rotor,  V0«  through  the  rotor  disk  plane  are  found  from  Equations  (24) 
and  (15) , 


rQ  = 2W  , XW  < 9.58 


irpVpR  4p  Vp^R3 

\ = 9.56/2W wXW>-\  XW  , > 9.58 

0 up  VpR^  4PVp^R3  4pVp2R3 


(72) 


V = W 

0 2p7TR?Vp 

where  these  equations  only  apply  to  helicopters  in  level  flight  at 
advance  ratios  of  Vp/VT  greater  than  0.1.  Reference  can  be  made  to 
Table  3 if  the  helicopter  weight,  W,  or  the  rotor  radius,  R,  are  not 
readily  at  hand.  Table  3 gives  the  characteristics  of  those  Army 
helicopters  that  may  operate  from  the  same  field  as  USAF  airplanes. 
Also  listed  are  some  comnercial  helicopters  that  could  operate  in 
joint  FAA-USAF  airspace  such  as  Kirtland  AFB  or  in  adjacent  FAA/USAF 
airspace  such  as  Wright-Patterson  AF8.  Reference  is  made  to  Section 
3.3. 


The  location  of  the  trailing  wake  behind  a helicopter  are  described 
by  Equations  (28),  (28),  and  (29);  details  are  given  in  Sections  2.4 
and  2.5.  In  keeping  with  the  format  used  in  Equations  (68)  and  (67), 
these  equations  become: 
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for  "out  of  ground"  or  temperature  inversion  layer  effects.  The  vor- 
tices are  separated  by: 


b‘  = 1.6R 


(74) 
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Equation  (73)  reflects  the  "out  of  ground  effect"  location  of  the 
vortices  which  are  formed  from  the  distorted  vortex  sheath  below  the 
rotor  disk  plane  following  t = 0.  These  vortices  slow  down  their 
descent  as  they  do  behind  an  airplane,  and  level-off  at  an  altitude  of 
b'/2  above  the  ground  or  a temperature  inversion  layer.  While  in  ground 
effect,  the  lateral  displacement  of  these  vortices  is  given  by: 
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where  YGl  and  YGr  are  defined  by  Equation  (70). 

The  expression  for  Xv  in  Equation  (73)  is  used  as  follows:  (1)  the 
wake  efflux  angle  is  determined  from  Figure  11  where  W,  R ,/D,  and  Vf 
are  known  parameters,  and  (2)  Xv  is  determined  for  a range  of  Zv/R 
values  as  the  input  parameter  into  the  equation.  The  expression  Xv  in 
Equation  (73)  is  then  used  three  times  in  locating  the  vortices  as  they 
descend  below  a helicopter;  that  is,  once  to  determine  the  most  probable 
location  of  the  vortices,  once  to  determine  the  error  band,  and  once  to 
find  tG  needed  to  locate  the  vortices  laterally. 


Now,  the  quantity  tg  in  Equation  (75)  is  the  time  needed  for  the 
trailed  vortices  to  reach  the  altitude  b'  /?.  above  the  ground  or  above 
a temperature  inversion  layer.  The  value  for  tg  is  obtained  by  substi- 
tuting Xv  into  the  t equation  of  Equation  (73): 
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The  error  bands  given  in  the  above  equations  reflect  atmospheric 
anomolies  that  impact  the  location  of  the  vortices;  these  are  discussed 
in  detail  in  Section  2.1  and  2.6. 


3.  The  Persistence  of  the  Vortical  Wake 


The  trailing  vortices  from  an  airplane  or  helicopter  are  generated 
into  an  environment  that  is  rarely  quiescent.  Thermals,  temperature 
inversions,  and  winds  which  include  updrafts  and  downdrafts  cause  decay 
and  eventual  transition  into  a form  of  clear-air  turbulence.  In  many 
instances  the  atmosphere  has  caused  these  vortices  to  burst.  Bursting 
produces  some  combination  of  a marked  increase  in  the  size  of  the 
vortex  core,  an  increase  in  turbulence  level,  and/or  an  instability  and 
significant  restructuring  of  the  wake  vorticity  behind  an  airplane*? 
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or  helicopter.  By  hastening  the  interplay  between  the  vortical  wake  and 
the  atmosphere,  bursting  may  significantly  reduce  the  wake  hazard  as 
discussed  in  Section  2.3.  Statistical  studies  helped  determine  when 
separation  distance  should  be  based  upon  the  wake  hazard.  Details  are 
provided  in  Sections  2,3  and  2.6. 

It  is  recommended  that  the  results  shown  in  Figures  8 and  9 be  used 
in  determining  the  life  time  of  a vortex  when  evaluating  USAF  operations. 
The  data  reflects  measurements  that  were  made  of  over  50,000  landings 
involving  commercial  airliners. 

The  probability  that  a vortex  persists  longer  than  any  given  time 
in  the  approach  alley  is  given  in  Figure  8 as  a function  of  side  wind. 

The  data  suggests  that  the  vortices  probably  breakup  or  drift  out  of 
the  approach  alley  in  less  than  2 minutes.  The  approach  alley  is  from 
the  middle  marker  on  in  to  touchdown,  150  feet  on  either  side  of  the 
runway  centerline,  and  up  to  an  altitude  of  300  feet.  Strong  vortices 
may  still  persist  longer  than  2 minutes  outside  the  approach  alley, 
posing  a menace  to  aircraft  that  are  landing  or  taking  off  on  a 
parallel  runway. 

Of  particular  interest  is  Figure  9a  taken  from  Reference  25.  If 
the  wind  vector  at  the  point  of  touchdown  lies  inside  the  inner  ellipse 
then  current  FAA  3-nautical-mile  criteria  does  not  assume  against  a 
vortex  encounter  in  the  approach  alley.  In  these  circumstances  the 
aircraft  must  spread  out  since  the  criteria  poses  a menace  to  following 
aircraft.  On  the  other  hand,  a wind  vector  that  lies  outside  the 
outer  ellipse  of  Figure  9a  indicates  that  a vortex  encounter  does  not 
pose  a menace  to  following  aircraft  separated  by  3 nautical  miles 
regardless  of  size.  The  vortical  wake  from  the  lead  aircraft  has  been 
dissipated  or  has  been  blown  out  of  the  approach  alley  by  the  prevailing 
winds.  Figure  9b  gives  the  life  time  of  the  vortex  as  a function  of 
the  total  wind.  The  results  suggest  that  the  vortical  wake  behind  an 
airplane  can  persist  for  4 minutes  if  the  total  wind  is  less  than  6 
knots  and  the  atmospheric  conditions  are  just  right. 

It  can  be  argued  that  the  vortices  break  up  sooner  behind  helicopters 
than  they  do  behind  airplanes.  The  turbulence  generated  by  the  rotor 
blades  immediately  below  the  rotor  disk  plane  should  be  much  larger  than 
that  existing  in  the  vorticity  sheet  trailed  behind  an  aircraft  wing. 

This  additional  turbulence  should  hasten  the  decay  and  eventual  break  up 
of  the  helicopter  vortices.  Further  research  in  this  area  is  needed. 

All  that  can  be  said  at  this  moment  is  that  the  vortical  wake  behind  a 
helicopter  could  break  up  as  soon  as  one  minute  behind  the  helicopter 
and  should  be  all  broken  up  at  two  minutes  behind  the  helicopter. 

4.  Vortical  Wake  Effects  Upon  Encountering  Airplanes 

A simplified  mathematical  model  was  developed  for  analysis  of  the 
way  (1'  lenetration  (Figure  1)  and  for  equipping  appropriate  USAF 
traine  and  simulators  with  the  capability  of  simulating  a vortex 

encou  . It  is  felt  that  this  simulation  capability  is  imperative 
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because  many  USAF  pilots  are  not  fully  aware  of  the  dangers  involved  with 
encountering  wake  vortices;  this  is  especially  so  if  the  generating  air- 
craft is  not  a "heavy"  transport,  defined  by  the  FAA  as  an  aircraft 
weighing  about  300,000  pounds  or  more.  A hazardous  example  is  flight  in 
trail  formation  when  the  lead  aircraft  is  pulling  g's.  Additionally, 
the  HH-53  helicopter  at  38,000  pounds  is  not  a "heavy"  configuration 
according  to  the  FAA  separation  criteria;  the  strength  of  the  vortical 
wake  it  trails  while  flying  at  60  knots  is  similar  to  that  behind  a 
KC-135  or  Boeing  707  in  landing  approach. 


Details  of  the  analysis  are  found  in  Section  3 of  this  report.  The 
roll  moment  exerted  on  an  aircraft  due  to  a way  (1)  encounter  as  shown 
in  Figure  1 is  given  by  (Equation  50): 


VbCi  = -1  + l(2£)ln 


oKl 


(77) 


for  | 27/b | < 1 - 2rc/b  when  the  vortex  is  located  on  the  wing. 

1 1 +2y/b I 


VbC,  = -1  + l/2£\ln 
r K,  2 2l  b 1 

o I 

1 - 1 
'6(2rc/bT2  12 


2rc/b 
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(2.y/b)  3„  + (2y/b) 
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(27pbT2  4 
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(78) 


for  (1  - 2r  /b)  <■  |2y/b|  i (1  + 2r  /b)  when  the  vortex  is  at  the  wing  tip, 


VbC  i = 1 ~ 

r0K,  3(2rc/b)2 


(79) 


|2y/b|  + 1 £ 2r  /b  when  the  wing  is  totally  immersed  in  the  vortex  core, 


VbC^  = -1  + l/2£\ln 

r K,  2V  b ; 

0 I 


1 

[2y/b\ 

i+l 

1 

WTo, 

i-l 
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for  |2y/b|  > 1 + 2r  /b  when  the  vortex  core  lies  outside  of  the  wing. 
The  vortex  core  size  is  defined  by  (Equation  (11)): 


r =36.2  fvx ~ (81) 

c J Vp  cos2X 

for  airplanes  and  (Equation  (26)): 

r = 244  [ZT7  (82) 

c J vF 

for  helicopters.  The  circulation  strength,  r0,  is  determined  from 
Equations  (66)  and  (67)  for  airplanes  or  Equations  (72)  for  helicopters. 
Tables  1 through  3 present  data  that  can  be  used  for  the  circulation 
strength,  r0,  of  airplanes  (landinq  approach)  and  helicopters.  The 
geometrical "details  for  USAF  airplanes  are  given  in  Table  1 while  mean 
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averages  for  r0  where  the  aircraft  have  been  categorized  as  generators 
are  found  in  Table  2.  Helicopter  circulation  strengths,  r0,  are  found 
in  Table  3;  reference  is  made  to  Section  3.3. 

The  function  Ki  is  shown  in  Figure  25.  The  wing  aspect  ratio,  /R  , 
and  quarter-chord  sweep  angle,  x,  are  given  in  Table  1;  these  parameters 
are  used  in  obtaining  the  function  K]  from  Figure  25.  Reference  is 
made  to  Section  3.2. 


A simplier  version  of  Equations  (77)  through  (79)  is  recommended 
for  simulator  use  in  indoctrinating  pilots.  It  was  assumed  that 
rc  = 2 ft  and  the  result  is  (Equation  (51)): 


VbC,  = -1  + l/2y\ln 

r K,  2l  b ; 

o 1 


+1 


27/bT-l 


(83) 


This  approximation  is  shown  in  Figure  24  and  can  be  used  for 
analytical  purposes  in  evaluating  USAF  operations  involving  landing 
approach,  formation  flight,  trail  formation,  and  air  combat  where  one 
airplane  follows  another.  It  is  noted  however  that  this  equation  is 
an  approximation  with  rc  = 2 ft.  Equations  (77)  through  (79)  is  pre- 
ferred if  the  core  size  of  the  vortex  is  significantly  different  than 
2 ft. 


A further  approximation  is  (Equation  52): 


= 


K,  K 


r /VbCi 

°(-r  K , •— 
o 1 bV 


1 3 


(84) 


where  VbC^  is  obtained  from  Figure  24  and  K-,  is  given  in  Figure  26. 

V. 

The  attenuation  factor  K3  is  assumed  to  be  K^xl  when  an  encounterinn  air- 
plane is  less  than  2-1/2  miles  behind  the  generating  airplane,  and  is 
as  shown  in  Figure  26  when  the  separation  distance  between  the  airplanes 
exceeds  2-1/2  miles.  The  attenuation  factor  for  generating  helicopters 
is  as  shown  in  Figure  26  for  all  separation  distances  between  the  air- 
craft. Equation  (84)  was  used  in  obtaining  the  results  shown  in  Figures 
32,  35,  and  40.  Reference  is  made  to  Section  4. 


The  way  (2)  encounter  shown  in  Figure  1 results  in  a sudden  loss  in 
lift  upon  entering  the  more-or-less  symmetric  downwash  field  between 
the  vortex  cores  of  the  airplane  or  helicopter.  The  parameters  necessary 
for  analytically  constructing  this  downwash  field  are  the  vortex  core 
separation,  b' , and  the  swirl  velocity,  Vq-  Reference  is  made  to  the 
discussion  concerning  Figure  20  (Section  2.6).  The  core  separation,  b' , 
is  given  by  Equations  (71)  or  (74)  while  the  swirl  velocity,  Vq,  is 
given  by  Equation  (10)  and  its  approximation  for  large  radii: 

VG  " ro  ^ ),  r £ 2.0 

Vf 

V0  = r0  ’ — > 2-° 

27r  rc 
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(85) 


where  rc  is  given  by  either  Equation  (81)  or  Equation  (82).  The  down- 
wash  field  is  then  constructed  as  shown  in  Figure  41.  The  centers  of 
the  vortices  are  separated  by  b'  and  located  at  the  left  and  right 
vortex  origins.  The  induced  velocity  Vol  is  constructed  by  using 
Equation  (85)  starting  at  the  left  vortex  origin  while  varying  r as 
shown  in  this  Figure.  Similarly,  the  induced  velocity  Vor  is  constructed 
by  using  Equation  (85)  now  at  the  right  vortex  origin  while  varying  r 
as  shown.  The  downwash  velocity  induced  on  the  aircraft  then  becomes 
Vo|_  + Vqr.  The  angle  of  attack  distribution  along  the  wing  is  then 
approximated  by  Equation  (36)  or 

a = V0l  + V0R/V  (86) 

We  believe  that  the  equations  presented  in  this  section  can  be  used 
in  assessing  the  extent  of  the  vortical  wake  hazard  in  USAF  operations. 
This  includes  terminal  area  operations,  formation  flight  maneuvering 
during  combat  or  tactical  weapon  delivery,  and  mid-air  refueling.  Further 
details  regarding  these  equations  are  given  in  Sections  2 through  4 of 
this  report. 
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Downwash  Field  During  Way  (2)  Encounters 


SECTION  VI 


CONCLUDING  REMARKS 

During  1972  through  1976,  an  effort  was  conducted  formulating  an 
analysis  for  assessing  the  impact  of  wake  vorticity  on  USAF  aircraft 
operations.  Extensive  use  of  experimental  results  and  NASA/FAA  flight 
test  data  resulted  in  empiricisms  that  simplified  the  formulations  and 
that  represented  the  effects  of  atmospheric  disturbances  upon  the  vor- 
tical wake  flow  field.  Examples  of  the  latter  are  turbulent  mixing  and 
decay,  buoyancy,  and  the  eventual  restructuring  of  this  vortical  wake 
into  a form  of  clear-air  turbulence  far  down  stream  behind  the  generating 
aircraft.  The  resulting  formulations  provide:  (1)  an  analytical  descrip- 
tion of  the  flow  field  in  the  wake  and  its  location  relative  to  the  gen- 
erating airplane,  (2)  the  length  of  time  that  the  vortical  wake  may  persist 
in  the  atmosphere  , and  (3)  a means  for  determining  the  effect  of  this 
wake  upon  the  flight  path  of  an  encountering  aircraft.  An  engineer  can 
use  these  formulations  to  assess  whether  an  operation  is  safe  or  not. 

If  the  potential  for  wake-related  accidents  exist,  the  recourse  is  either 
to  accept  the  losses  as  part  of  normal  operating  procedures,  or  to  modify 
the  operation  so  that  the  chances  for  an  encounter  are  avoided.  The  for- 
mulations for  performing  the  assessments  are  given  in  detail  in  the  report; 
a detailed  assessment  of  USAF  operations  was  beyond  the  scope  of  this 
effort. 

Initially,  the  program  was  primarily  concerned  with  airplane  vor- 
tical flow  fields.  Recent  experience  indicates,  however,  that  attack 
aircraft  such  as  the  A-10  operate  in  close  proximity  with  Army  heli- 
copters from  the  same  field.  The  analyses  presented  here  have  been 
expanded  in  late  1978  and  early  1979  to  include  the  vortical  wake 
field  behind  helicopters.  Thus,  the  engineering  methods  compiled  can 
be  used  not  only  in  evaluating  airplane  type  operations  but  also  air- 
plane encounters  with  helicopter  wakes. 

The  equations  are  synopsized  in  Section  5 and  permit  quick  hand 
computations  for  the  wake  vorticity  field  behind  an  aircraft.  An 
engineer  investigating  an  accident  or  evaluating  operations  can  use 
these  equations  to  assess  whether  a following  aircraft  encountered 
a vortical  flow  field  or  not.  Also  given  are  results  from  flight 
tests  and  the  monitoring  of  wake  vorticity  behind  civil  aviation  as 
conducted  by  the  FAA  during  the  1971  through  1978  time  period. 

These  results  can  be  used  in  assessing  whether  the  vortical  flow 
field  could  have  been  broken  up  for  the  separation  distance  involved 
in  any  incident/accident  or  operation  under  analysis. 

An  example  of  a definite  problem  in  landing  procedures  is  a T-38 
that  crashed  in  1974.  The  T-38  was  performing  an  approach  prior  to 
landing  behind  a stretched  C-130  transport.  Although  the  T-38  pilot 
and  air  traffic  control  personnel  were  operating  within  all  applicable 
directives,  the  T-38  (V  - 180  kt)  closed  to  approximately  one  minute 
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behind  the  transport  (V  = 110  kt)  when  the  crash  occurred.  The  sepa- 
ration distance  between  the  T-38  and  the  stretched  C-130  was  the 
required  5 nautical  miles  when  the  T-38  entered  the  landing  pattern; 
but,  the  closing  rate  between  these  airplanes  was  too  high.  The 
closing  rate  between  fast  fighters,  or  trainers,  behind  slow  relatively 
heavy  transports  must  be  monitored  with  care  during  landing  approach; 
reference  is  made  to  Section  4. 

There  is  emphasis  within  the  Air  Force  and  FAA  that  appropriate 
separation  be  maintained  only  behind  large  or  heavy  jets.  As  a result, 
pilots  may  not  be  aware  that  the  wake  behind  a small  light  aircraft  may 
also  form  a hazard.  For  example,  a fighter  is  a potential  hazard  to 
another  fighter  where  both  aircraft  are  of  the  same  weight;  additionally, 
helicopters  can  trail  a vorticity  field  as  strong  as  the  wake  behind 
heavy  USAF  cargo  aircraft.  Several  examples  in  the  text  indicate: 

(1)  a T-38  pilot  that  can  initiate  and  sustain  a 7-g  pullup  at  400  knots 
trails  a wake  similar  to  that  behind  a C-130  in  landing  approach;  (2) 
an  F-104  performing  the  same  maneuver  at  400  knots  and  4 g's  trails  a 
wake  as  strong  as  a C-135  in  landing  approach;  and  (3)  an  HH-53A/B 
helicopter  in  straight  level  flight  at  60  knots  trails  a wake  as  strong 
as  a KC-135  tanker  in  approach.  The  ramifications  of  these  vortical 
wakes  upon  a following  T-38,  F-104,  and  A-10  are  given;  reference  is 
made  to  Section  4. 

In  terms  of  pilot  education,  a simplified  mathematical  model  is 
presented  so  that  appropriate  USAF  simulators  can  be  given  the  capa- 
bility of  simulating  encounters  behind  USAF  aircraft  and  Army  heli- 
copters. Thus,  pilots  could  be  made  well  aware  of  what  a vortex  can 
do  to  their  aircraft  as  part  of  their  training  curriculum;  also  pre- 
sented are  the  step-by-step  computations  necessary  in  implementing 
the  model(s)  for  any  simulator.  The  model  only  provides  an  input 
function  to  the  roll  equation  of  motion  that  is  used  in  the  simulator. 
Flowever,  it  could  be  extended  if  desired  (see  Section  3). 

The  detailed  formulations  of  this  analysis  are  given  in  Section  2. 
Also  given  is  the  impact  of  atmospheric  disturbances  upon  the  vortical 
wake  structure.  Described  are  some  qualitative  experiments  where  it 
was  observed  that  the  downwind  wortex  of  the  vortical  wake  often  rises 
while  the  upwind  vortex  sinks  beiow  the  altitude  predicted  by  the 
analysis.  Additionally,  buoyancy  effects  and  temperature  inversion 
layers  can  significantly  influence  the  motion  of  the  vortical  wake. 

Even  though  the  analysis  gives  an  error  band  to  account  for  some  of 
the  above,  it  is  felt  that  much  more  work  is  needed  in  this  area 
before  the  impact  of  atmosphere  disturbances  on  the  structure  and 
motion  of  the  vortical  wake  can  be  clearly  understood. 

Another  area  where  more  effort  is  needed  is  in  understanding  the 
fluid  phenomena  that  causes  vortex  bursting.  Bursting  produces  some 
combination  of  a marked  increase  in  the  size  of  the  vortex  core,  an 
increase  in  turbulence  level,  and/or  an  instability  and  significant 
restructuring  of  the  wake  vorticity  behind  an  aircraft.  In  our 
opinion  the  state  of  knowledge  in  this  area  needs  improvement. 
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The  analysis  for  the  vortical  wake  structure  behind  a helicopter  was 
correlated  with  the  results  of  a NASA  flight  test  program  document  as  a 
report  in  1962.  Even  though  the  agreement  between  analysis  and  test 
data  was  good,  it  is  felt  that  other  correlations  should  be  performed 
to  validate  and  to  develop  the  mathematical  model  further.  Additional 
work  is  needed  in  defining  the  core  size  of  the  vortices  trailed  behind 
helicopters,  how  these  vortices  are  impacted  by  atmospheric  conditions 
(buoyancy,  bursting,  etc.),  and  when  these  vortices  cease  to  be  a hazard 
to  following  aircraft.  It  is  also  felt  that  a test  effort  similar  to 
but  not  nearly  as  extensive  in  scope  as,  the  one  conducted  by  the  FAA 
for  airplanes  in  landing  approach  should  also  be  considered  for  heli- 
copters*, that  is,  if  the  assessment  of  USAF  operations  indicates  that 
the  helicopter  has,  and  will  pose  a significant  problem.  The  FAA 
monitored  the  vortical  wakes  of  over  50,000  landing  approaches  at 
Kennedy,  Denver,  Heathrow,  and  Toronto  Airports  between  1971  and  1978. 

The  helicopter  test  program  could  be  much  more  modest  than  the  FAA 
effort  and  could  consist  of  monitoring  the  wake  of  helicopters  at 
Nellis  AFB  where  helicopters  and  A-10's  operate  jointly,  as  an  example. 

As  indicated  earlier,  a simplified  mathematical  model  is  presented 
so  that  appropriate  USAF  simulators  can  be  given  the  capability  of 
simulating  encounters  behind  USAF  aircraft  for  pilot  training.  The 
model  only  provides  an  input  function  to  the  roll  equation  of  motion 
that  is  used  in  the  simulator;  thus,  it  may  be  over  simplified.  An 
effort  should  be  maue  to  validate  the  model  with  existing  flight  test 
data  of  encounters  conducted  by  NASA.  The  flight  test  conditions 
could  be  duplicated  on  a moving  base  simulator  using  the  model.  Com- 
parisons of  flight  test  trajectories  and  pilot  comment  of  both  actual 
encounters  and  simulated  results  would  then  indicate  whether  the 
simplified  model  of  the  encounter  is  adequate  for  training  purposes 
or  not. 

The  engineering  tools  presented  represent  the  state  of  the  art  in 
1978.  Additionally,  an  assessment  of  currert  USAF  operations  should 
be  made  with  the  formulations  presented  for  vertical  wake  hazards  in 
regard  to  both  aircraft  and  mix  he! icopter/ai rcraft  operations  to 
determine  whether  wake  vorticity  is  a significant  hazard  or  not.  The 
results  of  these  analyses  should  be  used  to  assess  the  need  and  direction 
of  further  work  in  this  area,  and  where  the  effort  should  be  conducted  -- 
USAF,  NASA,  or  FAA. 
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